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T h e re  a r e  c e r t a i n  c o n d i t i o n s  u n d e r  which o n e ’ s 
a b i l i t y  t o  u n d e r s ta n d  sp eech  i s  re d u c e d  by t h e  p r e s e n c e  o f  
an i n t e r f e r i n g  sound. I n  some s i t u a t i o n s ,  a l i s t e n e r  i s  
c a p a b le  o f  re sp o n d in g  t o  one a c o u s t i c  s i g n a l  w h i le  ig n o r in g  
a n o th e r .  However, t h e  s e l e c t i v e  mechanism o f  t h e  e a r  i s  
n o t  p e r f e c t .  I n  o r d e r  t o  u n d e r s ta n d  why and how t h i s  i n t e r ­
f e r e n c e  t a k e s  p l a c e ,  i t  i s  n e c e s s a r y  t o  examine t h e  p h y s i ­
c a l  c h a r a c t e r i s t i c s  o f  b o th  t h e  s i g n a l  and t h e  i n t e r f e r i n g  
n o i s e .  One d e s i r e d  g o a l  i s  to  d e v e lo p  a th e o r y  o r  model to  
d e s c r i b e  how t h e  co m b in a t io n  o f  s i g n a l  and n o i s e  r e s u l t s  in  
a  r e d u c t i o n  i n  t h e  e a r ' s  a b i l i t y  t o  re sp o n d  s e l e c t i v e l y .
When t h e  a c o u s t i c  s t im u lu s  t h a t  t h e  l i s t e n e r  i s  
r e sp o n d in g  to  i s  sp e e c h ,  t h i s  a n a l y s i s  becomes s i g n i f i c a n t l y  
more c o m p l ic a te d .  The speech  s i g n a l  i s  a complex a c o u s t i c  
s t im u lu s  h a v in g  r a p id ly - c h a n g in g  tem p o ra l  and s p e c t r a l  p r o p ­
e r t i e s .  Imbedded in  t h i s  s i g n a l  i s  t h e  in fo r m a t io n  needed  
by t h e  l i s t e n e r  t o  i d e n t i f y  t h i s  s t im u lu s  as  sp e e c h .  I n  
a d d i t i o n ,  many s u b t l e  a c o u s t i c  cues  a r e  p r e s e n t  w hich  a l lo w
t h e  l i s t e n e r  to  d i f f e r e n t i a t e  one sp eech  sound from a n o th e r ,  
and f i n a l l y  t o  u n d e r s t a n d  what i s  s a i d .
Many p ro c e d u re s  have been  d e v e lo p e d  to  m easu re  t h e  
amount o f  i n t e r f e r e n c e ,  o r  m ask ing , p ro d u ced  by a p a r t i c u l a r  
n o i s e .  I n  t h e  most s im p le  c a s e ,  a t a l k e r  p ro d u ces  a sp eech  
sam ple  ( u s u a l l y  a  l i s t  o f  s y l l a b l e s ,  w ords ,  o r  s e n te n c e s )  
and l i s t e n e r s  r e c o r d  t h e i r  r e s p o n s e s . The p e r c e n ta g e  o f  
t e s t  i te m s  ( i . e . ,  s y l l a b l e s ,  w ords, s e n te n c e s )  u n d e r s to o d  
i s  t h e  a r t i c u l a t i o n  o r  d i s c r i m i n a t i o n  s c o r e .  The d i f f e r e n c e  
i n  t h e  s c o r e s  betw een t h e  q u i e t  and n o i s e  c o n d i t i o n s  can  be 
i n t e r p r e t e d  as t h e  amount o f  "m asking" p ro d u ced  by t h a t  
n o i s e .  The r e s u l t s  o b t a in e d  a r e  d ep en d en t  on t h e  i n t e n s i t y  
o f  b o th  t h e  sp e e c h  and t h e  n o i s e ,  t h e  s p e e c h  m a t e r i a l s  u se d ,  
t h e  c h a r a c t e r i s t i c s  o f  t h e  s p e a k e r ' s  v o i c e ,  t h e  equipm ent 
c h a r a c t e r i s t i c s ,  and t h e  l i s t e n e r ' s  h e a r in g  a c u i t y .  Taking  
a l l  v a r i a b l e s  i n to  account,,  t h i s  method t e l l s  u s  som eth ing  
ab o u t  how much i n t e r f e r e n c e  i s  c a u se d  by a  c e r t a i n  com peting  
n o i s e ,  b u t  n o th in g  a b o u t  why o r  how t h i s  o c c u r s .
A more r e v e a l i n g  method in v o lv e s  t h e  a n a l y s i s  o f  
t h e  i n c o r r e c t  r e s p o n s e s  made by t h e  l i s t e n e r s  u n d e r  t h e  
q u i e t  and n o i s e  c o n d i t i o n s ,  r a t h e r  th a n  a  s im p le  co m p ariso n
o f  a r t i c u l a t i o n  s c o r e s .  F u r th e rm o re ,  by r e s t r i c t i n g  t h e  l i s ­
t e n e r  to  a  sm a ll  s e t  o f  r e s p o n s e  a l t e r n a t i v e s ,  one can  exam­
in e  t h e  e r r o r s  made in  te rm s  o f  t h e  a v a i l a b l e  c h o i c e s .  Thus, 
a  s e t  o f  f o i l s  may be chosen  w hich  would a l lo w  th e  exam iner  
t o  e v a l u a t e  t h e  s p e c i f i c  c h a r a c t e r i s t i c s  in  t h e  s p e e c h  s i g ­
n a l  w hich a r e  most e a s i l y  d i s c r i m i n a t e d ,  and th o s e  w hich  a r e  
m ost a f f e c t e d  by i n t e r f e r e n c e .
T e s t s  o f  t h e  above ty p e  a r e  known as  c l o s e d - r e s p o n s e - 
s e t  t e s t s .  T y p i c a l l y ,  t h e  c h a r a c t e r i s t i c s  o f  o n ly  one phon­
eme a t  a  t im e  a r e  v a r i e d  a c r o s s  f o i l s .  F o r  exam ple, i n  t h e  
s e t  / i p ,  i f ,  i t ,  i 9  , i s ,  i k / ,  t h e  d i s c r i m i n a b i l i t y  o f  v o i c e ­
l e s s  s to p s  and f r i c a t i v e s  f o l lo w in g  t h e  vowel / i /  may be 
e v a l u a t e d .  I n  a n o th e r  s e t  t h e  same c o n s o n a n ts  may a p p e a r  
i n  t h e  i n i t i a l  p o s i t i o n ,  in  a n o th e r  vowel c o n te x t ,  e t c .  The 
d a t a  from such  t e s t s  a r e  u s u a l l y  r e p o r t e d  in  te rm s  o f  a 
c o n f u s io n  m a t r i x . In  t h i s  t a b l e  o f  t a r g e t - r e s p o n s e  p a i r s ,  
t h e  rows r e p r e s e n t  t h e  t a r g e t  u t t e r a n c e s ,  and t h e  r e s p o n s e s  
t o  t h e s e  phonemes a p p e a r  in  t h e  co lum ns. An a n a l y s i s  o f  t h e  
m a t r i x  may be p e rfo rm ed  to  d e te rm in e  w hich  phonemes a r e  co n ­
s i s t e n t l y  m i s i d e n t i f i e d ,  and t h e  most common i n c o r r e c t  r e ­
sp o n se s  f o r  each  c o n te x t  in  w hich  t h e  phoneme a p p e a r s .
C o n fu s io n  m a t r ix  a n a ly s e s  a r e  a l s o  u s e f u l  when l i s ­
t e n i n g  c o n d i t i o n s  have been made more d i f f i c u l t  by ad d ing  
background  n o i s e  o r  by s e l e c t i v e l y  f i l t e r i n g  th e  sp e e c h  
s t i m u l i .  The d i f f e r e n t i a l  e f f e c t s  o f  t h e s e  changes  may be 
e v a lu a t e d  by com paring t h e  p e r c e p t u a l  c o n f u s io n s  made in  
s e l e c t e d  c o n d i t i o n s  w i th  th o s e  made u n d e r  a  r e f e r e n c e  l i s ­
t e n i n g  c o n d i t i o n ,  such  as  sp eech  in  q u i e t .  T h is  ty p e  o f  
a n a l y s i s  h as  been  u se d  e x t e n s i v e l y  in  r e c e n t  y e a r s  ( M i l l e r  
and N ic e ly ,  1955; Wang and B i l g e r ,  1973; among o t h e r s ) .  I n  
b o th  i n v e s t i g a t i o n s ,  e v a l u a t i o n  o f  p e r c e p t u a l  f e a t u r e s  was, 
i n  l a r g e  p a r t ,  made up o f  m easurem ents  o f  t h e  r e l a t i v e  co n ­
t r i b u t i o n  and , t h e r e f o r e ,  r e l a t i v e  im p o r ta n c e  o f  v a r i o u s  
f e a t u r e s  f o r  d i s t i n g u i s h i n g  among sp eech  so u n d s .
A n a ly se s  o f  c o n fu s io n  m a t r i c e s  o b ta in e d  in  s t u d i e s  
on p e r c e p t i o n  o f  E n g l i s h  c o n s o n a n ts  show t h e  f e a t u r e s  o f  
v o i c in g  and n a s a l i t y  to  be p e r c e p t u a l l y  im p o r ta n t ,  i n  t h a t  
t h e y  a r e  e a s i l y  d i s c r i m i n a b l e ,  in d e p e n d e n t  o f  c o n te x t  and 
e x p e r im e n ta l  c o n d i t i o n  ( i . e . ,  n o i s e  a n d /o r  f i l t e r i n g ) .  The 
f e a t u r e  o f  p l a c e  o f  a r t i c u l a t i o n ,  on t h e  o t h e r  hand , a p p e a r s  
t o  be weak, p e r c e p t u a l l y ,  in  t h a t  t h e r e  a r e  f r e q u e n t  c o n fu ­
s io n s  in v o lv in g  t h i s  f e a t u r e  in  s t u d i e s  o f  b o th  m asking  and
f i l t e r i n g .
The e a r l i e s t  i n v e s t i g a t i o n s  o f  sp e e c h  p e r c e p t i o n  w ere  
g e a re d  to w ard  t h e  s tu d y  o f  t h e  r e l a t i o n s h i p s  betw een t h e  o b ­
s e rv e d  a c o u s t i c a l  c h a r a c t e r i s t i c s  o f  s p e e c h  and t h e  p e r c e p ­
t i o n  o f  a  p a r t i c u l a r  sp eech  sound o r  c l a s s  o f  so u n d s .  The 
r e s u l t s  o f  t h e s e  s t u d i e s  s u g g e s t  t h a t  a g r e a t  d e a l  o f  t h e  i n ­
fo rm a t io n  n e c e s s a r y  f o r  t h e  i d e n t i f i c a t i o n  and d i s c r i m i n a t i o n  
o f  d i f f e r e n t  speech  sounds i s  a c o u s t i c a l  in  n a t u r e .  F u r t h e r ­
m ore, we may b e g in  t o  s p e c u l a t e  a s  to  what s p e c i f i c  a c o u s t i ­
c a l  in f o r m a t io n  ( i . e . ,  sp ec tru m  o f  t h e  n o i s e  b u r s t )  i s  n e c e s ­
s a r y ,  b u t  n o t  s u f f i c i e n t ,  f o r  t h e  p e r c e p t i o n  o f  a  s p e c i f i c  
p e r c e p t u a l  f e a t u r e  ( i . e . ,  p l a c e  o f  a r t i c u l a t i o n ) .  One may 
assume t h a t  i f  a  c e r t a i n  p e r c e p t u a l  e r r o r  i s  made, some o r  
a l l  o f  t h e  r e l e v a n t  a c o u s t i c  i n f o r m a t io n  was n o t  a v a i l a b l e  
t o  t h e  l i s t e n e r .  The l a c k  o f  a c o u s t i c  in fo r m a t io n  may be 
a  r e s u l t  o f  m asking o r  t h e  sound t r a n s m i s s i o n  c h a r a c t e r i s ­
t i c s  o f  t h e  l i s t e n i n g  e n v iro n m e n t.  I t  i s  im p o r ta n t  t o  empha­
s i z e  t h a t  m ost o f t e n  t h e r e  a r e  m u l t i p l e ,  o v e r la p p in g  cues  
f o r  t h e  i d e n t i f i c a t i o n  o f  s p e c i f i c  sp e e c h  so u n d s .  T h a t  i s ,  
no one b i t  o f  a c o u s t i c  in fo r m a t io n  s u f f i c i e n t l y  d i f f e r e n t i ­
a t e s  one phoneme from a n o th e r .  T h e re f o re ,  i f  one a c o u s t i c
cue  f o r  p l a c e  o f  a r t i c u l a t i o n  i s  l o s t ,  b u t  a n o th e r  cue  r e ­
m ains  ( i . e . ,  second fo rm an t t r a n s i t i o n ) ,  i t  i s  l i k e l y  t h a t  
t h e  l i s t e n e r  w i l l  be f o r c e d  to  make h i s  i d e n t i f i c a t i o n  on 
t h e  b a s i s  o f  t h e  re m a in in g  a c o u s t i c  i n f o r m a t io n .
I t  i s  p o s s i b l e  t h a t  t h e  s e t  o f  r e s p o n s e  a l t e r n a t i v e s  
i n c lu d e s  an u t t e r a n c e  w hich  i s  s i m i l a r  to  t h e  t a r g e t ,  in  
te rm s  o f  t h e i r  a c o u s t i c  c h a r a c t e r i s t i c s .  I t  i s  l i k e l y  t h a t  
i f  a c o u s t i c  cu es  f o r  t h e  t a r g e t  a r e  u n a v a i l a b l e ,  t h e  r e s u l t ­
in g  i n c o r r e c t  r e s p o n s e  would be t h a t  u t t e r a n c e  w i th  a c o u s t i c  
i n f o r m a t io n  w hich  i s  m ost s i m i l a r  t o  t h e  t a r g e t .
On t h e  b a s i s  o f  t h e s e  a s s u m p t io n s ,  i t  seems p o s s i b l e  
t h a t  from s e l e c t e d  a c o u s t i c a l  m easurem ents  one sh o u ld  be 
a b l e  to  p r e d i c t  l i s t e n e r  r e s p o n s e s  to  a  s e t  o f  t a r g e t  u t t e r ­
a n c e s  u n d e r  s p e c i f i c  t e s t  c o n d i t i o n s .  B e fo re  such  p r e d i c ­
t i o n s  can  be made, t h e  fo l lo w in g  p r e l im i n a r y  s t e p s  sh o u ld  
be t a k e n .  F i r s t ,  a  f i n i t e  s e t  o f  u t t e r a n c e s  would be chosen  
a s  sp e e c h  s t i m u l i ,  and a r ra n g e d  in  a  c l o s e d - r e s p o n s e - s e t  
fo rm a t  w i th  a p p r o p r i a t e  r e s p o n s e  f o i l s .  I n  a d d i t i o n ,  e n ­
v i ro n m e n ta l  c o n d i t i o n s  ( i n t e n s i t y  and s p e c t r a  o f  com peting  
n o i s e ,  e a rp h o n e  o r  s o u n d - f i e l d  l i s t e n i n g ,  e t c . )  a r e  c h o se n .  
N ex t ,  a s e t  o f  a c o u s t i c a l  c h a r a c t e r i s t i c s  o f  t h e  sp e e c h
s t i m u l i  would be s e l e c t e d  f o r  a n a l y s i s ,  and c a r e f u l  m e a su re ­
ment p r o c e d u re s  u n d e r ta k e n .  The m easurem ents  a r e  a n a ly z e d  
in  c o n ju n c t io n  w i th  any i n t e r f e r i n g  a s p e c t s  o f  t h e  s p e c i f i c  
l i s t e n i n g  c o n d i t i o n s  ( i . e . ,  s p e e c h - t o - n o i s e  r a t i o ,  n o i s e  s p e c ­
tru m , e a rp h o n e  o r  s p e a k e r  f r e q u e n c y - g a in  c h a r a c t e r i s t i c s ,  
e t c . ) .  Thus, f o r  each  t a r g e t  u t t e r a n c e ,  t h e  a c o u s t i c  i n f o r ­
m a tio n  a v a i l a b l e  to  t h e  l i s t e n e r  co u ld  be mapped o u t .
The t a r g e t  a c o u s t i c  c h a r a c t e r i s t i c s  a r e  t h e n  compared 
t o  t h e  co m p arab le  m easurem ents  o f  t h e  r e s p o n s e  a l t e r n a t i v e s ,  
a s  th e y  a p p e a r  in  t h e  r e f e r e n c e  . ( q u i e t )  c o n d i t i o n .  The g o a l  
o f  t h i s  a n a l y s i s  i s  t o  f i n d  t h e  s e t  o f  a c o u s t i c  c h a r a c t e r i s ­
t i c s  w hich  w i l l  a c c o u n t  f o r  t h e  com m only-confused u t t e r a n c e s ,  
i n  a d d i t i o n  to  th o s e  p a i r s  o f  u t t e r a n c e s  w hich  a r e  r a r e l y  
c o n fu s e d .  The key p a ra m e te r  would be one w hich has v a lu e s  
w hich  a r e  v e ry  s i m i l a r  in  p a i r s  o f  u t t e r a n c e s  w hich a r e  com­
monly c o n fu s e d ,  and v e ry  d i f f e r e n t  in  p a i r s  which a r e  r a r e l y  
c o n fu s e d .  A f t e r  t h e s e  key p a ra m e te r s  have been i d e n t i f i e d ,  
a  s i m i l a r  a n a l y s i s  i s  made on t h e  c o n f u s io n s  r e s u l t i n g  from 
l i s t e n i n g  c o n d i t i o n s  c o n ta in in g  i n t e r f e r i n g  n o i s e .  I s o l a t e d  
f o r  a n a l y s i s  a r e  t h o s e  p a i r s  o f  u t t e r a n c e s  which a r e  r a r e l y  
c o n fu se d  i n  t h e  r e f e r e n c e  c o n d i t i o n  b u t  a r e  commonly con­
f u s e d  in  n o i s e .  The a c o u s t i c  p a ra m e te r s  w hich  d i f f e r e n t i a ­
t e d  t h e s e  p a i r s  in  q u i e t  a r e  assumed t o  be u n a v a i l a b l e  due 
t o  t h e  s p e c t r a l  and te m p o ra l  c h a r a c t e r i s t i c s  o f  t h e  i n t e r ­
f e r i n g  n o i s e .  Thus, c o n fu s io n  m a t r i c e s  may be p r e d i c t e d  
from  m easurem ents  o f  t h e  a c o u s t i c  c h a r a c t e r i s t i c s  o f  b o th  
t h e  sp e e c h  s i g n a l  and t h e  i n t e r f e r i n g  n o i s e .
The p u rp o se  o f  t h e  p r e s e n t  i n v e s t i g a t i o n  i s  t o  t e s t  
t h e s e  p r e d i c t i o n s  by e v a l u a t i n g  p a t t e r n s  o f  p e r c e p t u a l  co n ­
f u s i o n s  made u n d e r  d i f f i c u l t  l i s t e n i n g  c o n d i t i o n s  in  te rm s  
o f  s e l e c t e d  a c o u s t i c a l  p a r a m e t e r s .
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REVIEW OF THE LITERATURE
T h is  c h a p te r  h a s  been  d iv id e d  i n t o  t h r e e  s e c t i o n s . 
The f i r s t  s e c t i o n  c o n t a i n s  a  d i s c u s s i o n  o f  t h e  work r e l a t e d  
t o  t h e  a c o u s t i c  c h a r a c t e r i s t i c s  o f  c o n s o n a n ts  and t h e i r  p e r ­
c e p tu a l  s i g n i f i c a n c e .  The n e x t  s e c t i o n  i s  d ev o ted  t o  t h e  
f a c t o r s  a f f e c t i n g  c o n so n a n t  and vowel c o n fu s io n s  made by 
n o r m a l- h e a r in g  l i s t e n e r s ,  w i th  s p e c i a l  em phasis  on t h e  e f ­
f e c t s  o f  n o i s e  on c o n s o n a n ta l  c o n f u s io n s .  I n  a d d i t i o n ,  t h e  
more r e c e n t  s t u d i e s  o f  c o n f u s io n s  made by h e a r in g - im p a i r e d  
i n d i v i d u a l s  w i l l  be in c lu d e d .  F i n a l l y ,  a  d i s c u s s i o n  o f  
s p e c t r a l  a n a l y s i s  i s  g iv e n  a s  an i n t r o d u c t i o n  t h e  t h e  p r o ­
c e d u re s  u se d  in  t h e  p r e s e n t  i n v e s t i g a t i o n .
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ACOUSTIC CUES FOR PERCEPTION OF CONSONANTS
T h ree  g roups  o f  c o n s o n a n ts ,  f r i c a t i v e s ,  p l o s i v e s ,  
and n a s a l s  have been  s tu d i e d  e x t e n s i v e l y .  Many o f  t h e s e  i n ­
v e s t i g a t i o n s  were c o n c e rn e d  w i th  t h e  a c o u s t i c  c h a r a c t e r i s ­
t i c s  o f  t h e s e  phonemes a s  th e y  a r e  u sed  by th e  l i s t e n e r  f o r  
i d e n t i f i c a t i o n  and d i s c r i m i n a t i o n .
F r i c a t i v e s
A c o u s t ic  c u e s  f o r  d i s c r i m i n a t i n g  among t h e  v o i c e l e s s  
f r i c a t i v e s  / f ,  Q ,  s ,  J  /  and t h e i r  v o ic e d  c o g n a te s  / v ,  £ ,  z ,
/)j/ were s tu d i e d  by H a r r i s  ( 1 9 5 8 ) .  Each phoneme was made up 
o f  a  p e r i o d  o f  n o i s e  ( f r i c a t i o n )  p lu s  a  v o c a l i c  segm ent c o n ­
s i s t i n g  o f  fo rm a n ts  and t h e i r  a p p r o p r i a t e  t r a n s i t i o n s .  The 
r e l a t i v e  c o n t r i b u t i o n s  o f  t h e s e  p o r t i o n s  w ere d e te rm in e d  
f o r  CV ty p e  s y l l a b l e s .  E xcep t f o r  t h e  d i s c r i m i n a t i o n  o f  / &/  
from / f / ,  t h e  f r i c t i o n  p o r t i o n  was t h e  n e c e s s a r y  and s u f f i ­
c i e n t  cue  f o r  i d e n t i f i c a t i o n  o f  t h e s e  seg m e n ts .  I n  o t h e r  
w ords, t h e  t r a n s i t i o n s  o f  t h e  fo rm a n ts  in  t h e  a d j a c e n t  vow­
e l s  c o n t r i b u t e  l i t t l e  to  t h e  i d e n t i f i c a t i o n  o f  t h e  co n so n ­
a n t .  F o r  / Q /  and / f / ,  how ever, t h e  c o r r e c t  judgm ent was d e ­
p e n d e n t  upon t h e  v o c a l i c  p o r t i o n .
Hughes and H a l l e  (1956) o b ta in e d  p o w e r-f re q u e n c y
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s p e c t r a  o f  s i x  f r i c a t i v e s ,  / f ,  v , s ,  z ,  J t h e s e  b e in g
t h e  v o i c e d - v o i c e l e s s  p a i r s  f o r  each  o f  t h r e e  p l a c e s  o f  a r ­
t i c u l a t i o n  ( l a b i a l ,  d e n t a l ,  p a l a t a l ) .  The m easurem ents  
made on t h e  s p e c t r a  o f  t h e  phonemes w ere  d e s c r ib e d  i n  te rm s  
o f  t h e  f re q u e n c y  and i n t e n s i t y  i n f o r m a t io n  s u f f i c i e n t  f o r  
t h e i r  c o r r e c t  i d e n t i f i c a t i o n .  The r e s u l t s  em phasized  th e  
e f f e c t s  o f  vowel c o n t e x t  on t h e  s p e c t r a ,  i n  t h a t  changes  
a r e  n o te d  w hich  a r e  d ep en d en t  on t h e  c h a r a c t e r i s t i c s  o f  
t h e  a d j a c e n t  vowel sound .
B ased on t h e s e  d a t a ,  H einz  and S te v e n s  (1961) d e ­
v e lo p e d  e l e c t r i c a l  a n a lo g  a p p ro x im a t io n s  o f  3 v o i c e l e s s  
f r i c a t i v e s ,  / s ,  J " , f / . They c o n s i s t e d  o f  a  c i r c u i t  c h a r a c ­
t e r i z e d  by one p o le  ( r e s o n a n c e )  and one z e ro  ( a n t i r e s o n a n c e ) ,  
t h e  f re q u e n c y  o f  t h e  z e ro  l y i n g  ro u g h ly  one o c ta v e  below t h e  
p o l e  f r e q u e n c y .  The c e n t e r  f re q u e n c y  and bandw id th  o f  t h e  
p o l e  and z e ro  te n d e d  to  v a ry  from one f r i c a t i v e  c o n t e x t  to  
a n o th e r ,  due to  t h e  changes  i n  t h e  v o c a l  t r a c t  c o n f i g u r a t i o n  
a s  a  r e s u l t  o f  t h e  i n f l u e n c e  o f  t h e  a d j a c e n t  vow el. I n  a d ­
d i t i o n ,  t h e  s p e c t r a  o f  t h e  n a t u r a l  / / /  i n d i c a t e d  t h e  need 
f o r  an a d d i t i o n a l  c i r c u i t  f o r  h ig h - p a s s  f i l t e r i n g  below  
3kHz. S i m i l a r l y ,  t h e  sp ec tru m  o f  / f /  r e q u i r e d  some a d d i ­
t i o n a l  lo w - f re q u e n c y  n o i s e .  H einz and S te v e n s  th e n  g e n e r a ­
t e d  s y n t h e t i c  f r i c a t i v e s  from t h e s e  a n a lo g  c i r c u i t s  and p r e ­
s e n te d  them to  s u b j e c t s  f o r  i d e n t i f i c a t i o n .  The model f o r  
each  f r i c a t i v e  ( i . e . ,  t h e  f re q u e n c y  l o c a t i o n  and bandw id th  
o f  each  p o l e  and z e ro )  i s  a c t u a l l y  a l i n e a r  e l e c t r i c  c i r ­
c u i t  w i th  t h e  a p p r o p r i a t e  t r a n s f e r  f u n c t i o n .  The s y n t h e t i c  
sp ec tru m  i s  t h e  o u tp u t  o f  t h i s  c i r c u i t  when i t  i s  e x c i t e d  
by w h i te  n o i s e .  I n c r e a s i n g  t h e  r e s o n a n t  f re q u e n c y  r e s u l t e d  
in  a  c o n s i s t e n t  s h i f t  i n  t h e  r e s p o n s e s  from / J /  t o  / t j  /  to  
/ s /  t o  / f , 8 /  . The r e s p o n s e s  w ere  n o t ,  however, a f f e c t e d  by 
a  change  i n  b andw id th ,  o r  t h e  a d d i t i o n  o f  lo w -f re q u e n c y  n o i s e  
t o  t h e  f r i c a t i v e s  w i t h  a h i g h e r  r e s o n a n t  f r e q u e n c i e s .  O th e r  
c u e s  ( i . e . ,  fo rm at t r a n s i t i o n  o f  a d j a c e n t  vowels and r e l a ­
t i v e  a m p l i tu d e  o f  t h e  f r i c a t i v e  and vow el) were th e n  i n v e s ­
t i g a t e d .  The r e s u l t s  a g re e d  w i th  H a r r i s  (1958) in  t h a t  t h e  
d i s c r i m i n a t i o n  o f  / f /  and / * /  was f a c i l i t a t e d  by t h e  p r e s e n c e  
o f  t h e  cu es  i n  t h e  vowel p o r t i o n ,  s p e c i f i c a l l y  t h e  t r a n s i ­
t i o n  o f  t h e  second f o rm a t .  On t h e  o t h e r  hand , / s /  and / J /  
r e s p o n s e s  w ere  n o t  a f f e c t e d  by t h e s e  c u es  b u t  were d e p e n d e n t ,  
t o  a  l a r g e  e x t e n t ,  on t h e  f r i c a t i o n ,  w hich  f o r  t h e s e  phonemes 
i s  r e l a t i v e l y  i n t e n s e .  F u r th e rm o re ,  t h e  s t a r t i n g  f re q u e n c y
( o r i g i n )  o f  t h e  second  fo rm an t t r a n s i t i o n  seemed t o  i n d i c a t e  
t h e  p l a c e  o f  a r t i c u l a t i o n  o f  t h e  f r i c a t i v e ,  a s  had been  shown 
f o r  p l o s i v e s  ( D e l a t t r e ,  L iberm an  and C ooper, 1955) . These  
cu e s  a p p e a re d  to  be r e l a t e d  t o  v o c a l  t r a c t  l e n g t h  i n  t h a t  a 
lo w - f re q u e n c y  o r i g i n  f o r  t h e  fo rm a n t  t r a n s i t i o n  i s  i d e n t i f i e d  
w i th  b i l a b i a l  o r  l a b i o - d e n t a l  a r t i c u l a t i o n s ,  m id d le  f re q u e n c y  
o r i g i n s  w i t h  a l v e o l a r  a r t i c u l a t i o n s ,  and h ig h  f re q u e n c y  o r i ­
g i n s  w i th  p a l a t a l  p o i n t s  o f  a r t i c u l a t i o n  ( S t r e v e n s ,  19 6 0 ) .
A number o f  i n v e s t i g a t i o n s  have  s tu d i e d  t h e  a c o u s t i c  
c u e s  f o r  d i s t i n g u i s h i n g  t h e  v o i c e l e s s  f r i c a t i v e s  from  t h e i r  
v o ic e d  c o g n a t e s .  The r e s u l t s  o f  Denes (1955) s u g g e s t  t h a t  
s h o r t e n i n g  t h e  d u r a t i o n  o f  t h e  f r i c a t i o n  n o i s e  i n  VC s y l l a ­
b l e s  p ro d u c e s  a  s h i f t  in  t h e  i d e n t i f i c a t i o n  o f  t h e  f r i c a t i v e  
from  v o i c e l e s s  t o  v o ic e d .  The d u r a t io n  o f  t h e  p r e c e d in g  vow­
e l  was a l s o  c o n s id e re d  im p o r ta n t ,  a f i n d i n g  w hich  was l a t e r  
c o r r o b o r a t e d  by R aphael ( 1 9 7 2 ) .  F o r  CV s y l l a b l e s ,  C o le  and 
Cooper (1975)  found t h e  f r i c a t i o n - d u r a t i o n  cue t o  s i g n i f i ­
c a n t l y  o u tw e ig h  t h e  e f f e c t  o f  vowel d u r a t i o n  f o r  v o ic e d -  
v o i c e l e s s  d i s t i n c t i o n s  in  f r i c a t i v e s .  Thus, f o r  s y l l a b l e -  
i n i t i a l  f r i c a t i v e s ,  f r i c a t i o n - n o i s e  d u r a t i o n  i s  a  s u f f i c i e n t  
cu e  f o r  v o i c i n g .  However, f o r  f r i c a t i v e s  in  t h e  s y l l a b l e -
14
f i n a l  p o s i t i o n ,  t h e  v o ic in g  d i s t i n c t i o n  i s  d ep en d en t  upon 
t h e  r a t i o  o f  f r i c a t i o n  and vowel d u r a t i o n s  (D enes, 1955).
P l o s i v e s
As w i th  t h e  f r i c a t i v e s ,  i n v e s t i g a t i o n s  o f  p l o s i v e  
c o n s o n a n ts  have  been co n ce rn ed  w i th  d e te rm in in g  c u e s  which 
a r e  im p o r ta n t  f o r  i d e n t i f y i n g  p l a c e  o f  a r t i c u l a t i o n ,  as  w e l l  
a s  cues f o r  t h e  v o i c e d - v o i c e l e s s  d i s t i n c t i o n .  The f re q u e n c y  
c h a r a c t e r i s t i c s  o f  t h e  n o i s e  b u r s t  f o l lo w in g  t h e  p l o s i v e  
r e l e a s e  a p p e a r s  to  be an im p o r ta n t  cue f o r  d i f f e r e n t i a t i n g  
among / p ,  t ,  k /  o r  / b ,  d, g /  ( H a l l e ,  Hughes and R ad ley ,  1957) . 
T hese  phonemes a r e  p roduced  w i th  d i f f e r e n t  p o i n t s  o f  v o c a l  
t r a c t  o c c l u s i o n  ( l a b i a l ,  a l v e o l a r ,  o r  v e l a r )  r e s u l t i n g  in  
d i f f e r e n t  l e n g t h s  o f  v o c a l  t r a c t  a n t e r i o r  t o  t h e  s o u rc e  o f  
t h e  n o i s e .  Longer tu b e  l e n g t h s  ( v e l a r  c o n s t r i c t i o n s )  sh o u ld  
y i e l d  lo w e r  f re q u e n c y  r e s o n a n c e s  th a n  s h o r t e r  tu b e  l e n g th s  
( a l v e o l a r  c o n s t r i c t i o n s ) .  The n o i s e  b u r s t  f o l lo w in g  a b i ­
l a b i a l  c o n s t r i c t i o n  may be a f f e c t e d  by t h e  r e s o n a n c e  r e ­
s u l t i n g  from t h e  r a p i d  open in g  o f  t h e  l i p s .  As m ig h t  be e x ­
p e c te d ,  t h e s e  c h a r a c t e r i s t i c s  h ave  been  shown t o  be a f f e c t e d  
by t h e  n a t u r e  o f  t h e  a d j a c e n t  vow el. I n  a  s tu d y  by Cooper, 
D e l a t t r e ,  L iberm an , B o r s t  and G erstm an (1 9 5 2 ) ,  h i g h e r  f r e ­
quency n o i s e  b u r s t s ,  when p a i r e d  w i th  v o w e ls ,  w ere  h e a rd  
c o n s i s t e n t l y  a s  / t / . However, lo w e r  f re q u e n c y  n o i s e  b u r s t s  
w ere  h e a rd  a s  e i t h e r  / p /  o r  / k / ,  d ep en d in g  upon t h e  l o c a t i o n  
a lo n g  th e  f re q u e n c y  s c a l e  o f  t h e  b u r s t  i n  r e l a t i o n  t o  t h e  
second  fo rm a n t  o f  t h e  vow el. I n  a d d i t i o n ,  a  s i n g l e  n o i s e  
b u r s t  o f  1440 Hz was p e r c e iv e d  a s  / p /  when p a i r e d  w i th  / i /  
o r  / u / ,  b u t  a s  / k /  when p a i r e d  w i th  / a / . These f i n d i n g s  
w ere  i n t e r p r e t e d  as i n d i c a t i n g  a  r e l a t i o n s h i p  be tw een  p e r ­
c e p t i o n  and t h e  u n d e r ly in g  a r t i c u l a t o r y  movements. Tha t i s ,  
t h e  p e r c e p t i o n  o f  t h e  p l o s i v e  in  t h e  CV s y l l a b l e  c o u ld  be 
a f f e c t e d  by t h e  p r o d u c t io n  o f  t h e  f o l lo w in g  vowel; vow els 
w i th  h i g h e r  second fo rm a n ts  a r e  p rod u ced  n e a r  t h e  f r o n t  o f  
t h e  mouth, and vow els  w i th  lo w e r  second  fo rm a n ts  a r e  p ro d u ­
ced  f u r t h e r  back in  t h e  mouth.
A p a r t i c u l a r l y  im p o r ta n t  cue  f o r  d e te rm in in g  p la c e  
o f  a r t i c u l a t i o n  o f  p l o s i v e s  a p p e a r s  t o  be  t h e  d i r e c t i o n  o f  
t h e  second  fo rm an t t r a n s i t i o n  o f  t h e  a d j a c e n t  vowel (C o o p er ,  
e t  a l . ,  1952; D e l a t t r e ,  e t  a l . ,  1 9 5 5 ) .  T h is  p e r c e p t u a l  cu e  
was th o u g h t  t o  a r i s e  from t h e  a r t i c u l a t o r y  movement from 
t h e  p l a c e  o f  c o n s t r i c t i o n  f o r  t h e  p l o s i v e  t o  t h e  c o n f i g u r a ­
t i o n  o f  t h e  v o c a l  t r a c t  n e c e s s a r y  f o r  t h e  p r o d u c t io n  o f  t h e
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vow el. T h is  cue  a l s o  a p p e a r s  t o  be a f f e c t e d  by c o n t e x t ,  
w i th o u t  how ever a f f e c t i n g  t h e  p e r c e p t i o n  o f  p l a c e .  F o r  e x ­
am ple, a  r i s i n g  second  fo rm an t  t r a n s i t i o n  i s  seen  in  t h e  
s y l l a b l e  / d i / ,  b u t  a f a l l i n g  t r a n s i t i o n  i s  seen  f o r  / d u / .  
A lth o u g h  t h e  d i r e c t i o n  o f  t h e  t r a n s i t i o n  i s  d i f f e r e n t ,  t h e  
p e r c e p t i o n  o f  / d /  r e m a in s  i n t a c t .  T h is  was assumed t o  be 
r e l a t e d  a g a in  to  some u n d e r ly in g  a r t i c u l a t o r y  phenomenon.
T h a t  i s ,  t h e  o r i g i n  o f  t h e  second  fo rm a n t t r a n s i t i o n  f o r  / d /  
i s  h e ld  c o n s t a n t  t o  some e x t e n t ,  even th o u g h  t h e  d i r e c t i o n  
o f  t h e  t r a n s i t i o n  i s  ch an g in g  w i th  t h e  f o l lo w in g  vow el.  O r i ­
g i n  f re q u e n c y  ( o r  l o c u s )  i s  b e l i e v e d  to  be r e l a t e d  t o  t h e  
p l o s i v e ' s  p o i n t  o f  c o n s t r i c t i o n ,  r e s u l t i n g  in  t h e  s t a b i l i t y  
o f  t h e  / d /  p e r c e p t i o n  ( D e l a t t r e ,  e t  a l . ,  1955).
The m ag n itu d e  o f  t h e  second  fo rm a n t  t r a n s i t i o n  ( i . e . ,  
t h e  d i f f e r e n c e  be tw een  t h e  o r i g i n  and t h e  f re q u e n c y  a t  w hich  
t h e  t r a n s i t i o n  l e v e l s  o f f )  h a s  a l s o  been  shown t o  p ro v id e  
p l a c e  o f  a r t i c u l a t i o n  in f o r m a t io n  f o r  p l o s i v e s  (L ibe rm an , 
D e l a t t r e ,  Cooper and G erstm an, 1 9 5 4 ) .  I n  a d d i t i o n ,  i n f o r ­
m a tio n  from t h e  t h i r d  fo rm an t a p p e a r s  t o  be im p o r ta n t  f o r  
v o ic e d  p l o s i v e s  ( H a r r i s ,  Hoffman, L ibe rm an , D e l a t t r e  and 
C ooper, 1 9 5 8 ) .  Cues from t h i r d  fo rm an t t r a n s i t i o n s  add to
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t h e  a v a i l a b l e  in fo r m a t io n  from t h e  f i r s t  and second  fo rm an t 
t r a n s i t i o n s  f o r  im proved d i s c r i m i n a t i o n  o f  / b ,  d, g / .
Numerous c u es  have been  i s o l a t e d  w hich  a r e  th o u g h t  
t o  h e lp  d i s t i n g u i s h  betw een v o ic e d  and v o i c e l e s s  p l o s i v e s .
By making a  s y s t e m a t i c  change ( c u tb a c k )  in  t h e  o n s e t  o f  t h e  
f i r s t  fo rm a n ts  o f  t h e  vow els i n  s y n t h e t i c  CV s y l l a b l e s ,  
L iberm an , D e l a t t r e  and Cooper (1958) w ere a b le  to  c o n v e r t  
v o ic e d  p l o s i v e s  to  t h e i r  v o i c e l e s s  c o g n a te s ,  w i th o u t  a f f e c t ­
in g  p l a c e  i d e n t i f i c a t i o n .  Removing t h e  i n i t i a l  p o r t i o n  o f  
t h e  t r a n s i t i o n  r e s u l t e d  in  o t h e r  s i g n i f i c a n t  changes  in  t h e  
f i r s t  fo rm a n t  c h a r a c t e r i s t i c s ,  such  a s  t h e  e l e v a t i o n  o f  
i t s  s t a r t i n g  f re q u e n c y .  The a d d i t i o n  o f  n o i s e  d u r in g  t h i s  
c u tb a c k  p e r i o d  a l s o  in c r e a s e d  t h e  p e r c e p t i o n  o f  v o i c e l e s s - 
n e s s ,  p a r t l y  b ec a u se  t h e  c u tb a c k  p e r io d  c o r re s p o n d s  t o  t h e  
norm al p e r i o d  o f  a s p i r a t i o n .  I n  summary, s y n t h e t i c  s y l l a ­
b l e s  p e r c e iv e d  as  v o ic e d  p lo s iv e - v o w e l  p a i r s  have r i s i n g  
f i r s t  fo rm a n t  t r a n s i t i o n s  b e g in n in g  r e l a t i v e l y  e a r l y  and a t  
a  low  s t a r t i n g  f re q u e n c y ,  w i th  no a s p i r a t i o n .  Those p e r ­
c e iv e d  as  v o i c e l e s s  p lo s iv e - v o w e l  p a i r s  have  sm a ll  t o  n e g ­
l i g i b l e  f i r s t  fo rm an t t r a n s i t i o n s ,  t h e  o n s e t  o f  t h e  fo rm an t  
b e g in n in g  l a t e r  in  t im e  and a t  a  h i g h e r  f re q u e n c y ,  and w i th
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a s p i r a t i o n  p r e s e n t .
L i s k e r  and Abramson (1964) have a rg u e d  t h a t  t h e  
above s e t  o f  a c o u s t i c  cues  f o r  d i s t i n g u i s h i n g  be tw een  v o ic e d  
and v o i c e l e s s  p l o s i v e s  co u ld  be d e r iv e d  from a s i n g l e ,  u n d e r ­
l y i n g  a r t i c u l a t o r y  v a r i a b l e ,  v o i c e  o n s e t  t im e  (VOT) . T h is  
v a r i a b l e  i s  r e l a t e d  t o  t h e  r e l a t i v e  t im in g  o f  t h e  s to p -  
c l o s u r e  r e l e a s e  and t h e  o n s e t  o f  v o c a l  f o l d  v i b r a t i o n .  D i f ­
f e r e n c e s  i n  v o ic e  o n s e t  t im e  have  been shown to  be t h e  b a s i s  
f o r  p e r c e p t u a l  s e p a r a t i o n  o f  t h e  p l o s i v e s  i n t o  t h r e e  c a t e g o r ­
i e s  ( i . e . ,  v o ic e d ,  u n a s p i r a t e d  v o i c e l e s s ,  and a s p i r a t e d  v o i c e ­
l e s s ) .  I n  a  more r e c e n t  s tu d y ,  S te v e n s  and K l a t t  (1974) p o i n t  
o u t  t h a t  t h e  i n i t i a l  v o ic e d  p l o s i v e  h a s  a w e l l - d e f i n e d ,  r i ­
s in g  f i r s t  fo rm an t t r a n s i t i o n ,  b u t  t h e  i n i t i a l  v o i c e l e s s  does 
n o t .  Thus, d i f f e r e n c e s  have been  found n o t  o n ly  i n  v o ic e  
o n s e t  t im e ,  b u t  in  t h e  f i r s t  fo rm an t  t r a n s i t i o n ,  a s  w e l l .
An a d d i t i o n a l  cue may be t h e  p r e s e n c e  o r  ab se n c e  o f  a  s i g n i ­
f i c a n t  and r a p i d  sp ec tru m  change  a t  t h e  o n s e t  o f  v o i c i n g .
By in d e p e n d e n t ly  m a n ip u la t in g  t h e  r e d u n d a n t  cues  o f  f i r s t  
fo rm an t  d u r a t i o n  and VOT, S te v e n s  and K l a t t  d e m o n s tra te d  t h e  
complex t r a d i n g  r e l a t i o n s h i p  be tw een  t h e  two c u e s .
F o r  p l o s i v e s  in  w o r d - f i n a l  p o s i t i o n s ,  t h e  co n so n a n t
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may be r e l e a s e d  o r  u n r e l e a s e d .  I f  t h e  f i n a l  p l o s i v e  i s  
u n r e l e a s e d ,  v o ic e  o n s e t  t im e  and a s p i r a t i o n  in f o r m a t io n  i s  
n o t  a v a i l a b l e  and o t h e r  cues  m ust be r e l i e d  upon f o r  t h e  
v o i c e d / v o i c e l e s s  d i s t i n c t i o n .  F o r  t h e s e  f i n a l  p l o s i v e s ,  
t h e  d u r a t i o n  o f  t h e  p r e c e d in g  vowel a p p e a r s  to  be an im por­
t a n t  d i s t i n g u i s h i n g  cue  (R a p h a e l ,  1 9 7 2 ) .  As w i th  t h e  f r i c a ­
t i v e s ,  t h e  vowel a p p e a r in g  b e f o r e  a v o i c e l e s s  p l o s i v e  i s  
u s u a l l y  s h o r t e r  th a n  t h e  vowel p r e c e d in g  a v o ic e d  p l o s i v e  
( i . e . ,  / d u s /  v s .  / d u z / ) .
N a s a ls
The n a s a l  c o n s o n a n ts  /m, n ,  Q / h av e  been shown to  
be  d i f f e r e n t i a t e d  from t h e i r  p l o s i v e  c o g n a te s  by t h e  p r e s ­
en ce  o f  t h e  n a s a l  murmur. The l a t t e r  p r o p e r t y  m a n i f e s t s  
i t s e l f  a s  a  l a r g e  c o n c e n t r a t i o n  o f  lo w -f re q u e n c y  e n e rg y  in  
t h e  250-300 Hz r e g io n  (M a le c o t ,  1956) r e s u l t i n g  from  t h e  
i n c r e a s e d  s i z e  o f  t h e  r e s o n a t i n g  c a v i t y  w hich  now in c lu d e s  
b o th  t h e  o r a l  and n a s a l  a r e a s  (F u j im u ra ,  1 9 6 2 ) .  D i f f e r e n ­
c e s  in  t h e  s p e c t r a l  c h a r a c t e r i s t i c s  o f  t h e  n a s a l  murmur b e ­
tw een  n a s a l  sounds do n o t  a p p e a r  to  be w e l l  d e f i n e d .  R a th e r ,  
i n f o r m a t io n  f o r  d e te rm in in g  p l a c e  o f  a r t i c u l a t i o n  seems t o
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be conveyed by t h e  fo rm an t t r a n s i t i o n  o f  t h e  f o l lo w in g  v o w el.  
The d i r e c t i o n  o f  t h e s e  t r a n s i t i o n s  a p p e a r s  t o  be s i m i l a r  t o  
t h o s e  f o r  t h e  c o r re s p o n d in g  v o ic e d  p l o s i v e s  / b ,  d, g /  ( L i ­
berman, e t  a l . ,  1954) .
Most o f  t h e  s t u d i e s  d i s c u s s e d  above have a t t e m p te d  
to  i s o l a t e  im p o r ta n t  a c o u s t i c  cu es  f o r  co n so n an t  p e r c e p t i o n  
u s in g  s y n t h e t i c  sp eech  s t i m u l i  g e n e r a te d  from h ig h ly  s i m p l i ­
f i e d  s p e c t ro g ra m s .  I n  do ing  so ,  a  p r e l im i n a r y  d e c i s i o n  h as  
been  made as  to  which a c o u s t i c  cu es  sh o u ld  be in c lu d e d  in  
t h e  s y n t h e s i s  p r o c e s s .  Thus, i t  i s  p o s s i b l e  t h a t  c e r t a i n  
cu es  w h ich  may be c h a r a c t e r i s t i c  o f  a  g iv e n  sound ( b u t  r e ­
d undan t f o r  t h e  p u rp o se  o f  sp e e c h  s y n t h e s i s )  have been  
o m i t t e d .  In  c a s e s  w here  sp eech  i s  d i s t o r t e d  o r  masked by 
n o i s e ,  t h e s e  seem in g ly  re d u n d a n t  cues  may be o f  p a r t i c u l a r  
im p o r ta n c e .  I n  a  s i m i l a r  m anner, r e d u n d a n t  cues  may be u s e d  
by h e a r in g - im p a i r e d  l i s t e n e r s .  Hence, i t  i s  n e c e s s a r y  to  
s tu d y  t h e  im p o rtan ce  o f  cues  o c c u r r in g  in  r e a l  s p e e c h .
T h e re  have been  a r e l a t i v e l y  sm a ll  number o f  cues  
exam ined th u s  f a r ,  i n c lu d in g  m a in ly  t r a n s i t i o n a l  and b u r s t  
c u e s .  The tem p o ra l  in fo r m a t io n  o b ta in e d  from waveform a n a l y ­
s i s  ( i . e . ,  d u r a t i o n ,  s i l e n t  p e r i o d s ,  o n s e t  c h a r a c t e r i s t i c s ,
r e l a t i v e  a m p l i tu d e )  h a s  n o t  been  th o ro u g h ly  i n v e s t i g a t e d  
( C o le  and S c o t t ,  1 9 7 4 ) .  The a c o u s t i c  and a r t i c u l a t o r y  p rop  
e r t i e s  o f  c o n s o n a n ts  have been shown to  be in f lu e n c e d  to  a  
g r e a t  e x t e n t  by c o n t e x t .  I n  a  p e r c e p t u a l  s tu d y  u s in g  acous 
t i c  in fo r m a t io n  e x t r a c t e d  from r e a l  sp e e c h ,  W in i tz ,  S c h e ib ,  
and Reeds (1972) em phasized  t h e  im p o r ta n c e  o f  t h e  i n t e g r a ­
t i o n  o f  v a r i o u s  cues  c o n ta in e d  i n  t h e  c o n so n a n t  and th e  
v o w e l . The u s e  o f  i s o l a t e d  s y n t h e t i c  segm ents  may n o t  r e ­
f l e c t  t h e  t r u e  c o n te x t - d e p e n d e n t  sp eech  p e r c e p t i o n  p r o c e s s .  
I n  a d d i t i o n ,  in  ru n n in g  sp eech  t im in g  c o n s t r a i n t s  w i l l  o f ­
t e n  n o t  a l lo w  t h e  a r t i c u l a t o r s  t o  c o m p le te  t h e i r  movements 
t o  t h e  t a r g e t  p o s i t i o n  b e f o r e  t h e  o n s e t  o f  t h e  n e x t  sound. 
Thus, fo rm a n t  f r e q u e n c i e s ,  f o r  exam ple, may n e v e r  r e a c h  
t h e i r  c h a r a c t e r i s t i c  s t e a d y - s t a t e  v a l u e s .  An i n t e r e s t i n g  
a s p e c t  o f  t h i s  e f f e c t ,  how ever, i s  t h a t  t h e  " u n d e r sh o o t"  
o f  t h e  fo rm a n t  f re q u e n c y  does n o t  seem t o  a d v e r s e ly  a f f e c t  
t h e  p e r c e p t i o n  o f  t h e  u t t e r a n c e  (L indb lom , 1963).
I n  a d d i t i o n ,  more em phasis  n e e d s  t o  be p l a c e d  on 
t h e  r o l e  o f  t h e  p e r i p h e r a l  mechanism. S te v e n s  and House 
(1972)  p o i n t  o u t  t h a t  t h e  ty p e  o f  a n a l y s i s  p e rfo rm ed  on 
t h e  in p u t  a c o u s t i c  s t im u lu s  by t h e  a u d i t o r y  mechanism i s
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n o t  a  s im p le  f re q u e n c y  a n a l y s i s ,  b u t  e n t a i l s  a d d i t i o n a l  
t r a n s f o r m a t i o n s  o f  t h e  p r o c e s s e d  s i g n a l .  The a n a l y s i s  p r o ­
c e s s  m ust a c c o u n t  f o r  t h e  a b i l i t y  to  p e r c e i v e  cues  in  t h e  
s i g n a l  su ch  as  r i s i n g  v s .  f a l l i n g  s p e c t r a ,  r a p i d  v s .  g r a d u a l  
o n s e t s ,  and r e l a t i v e  f re q u e n c y  p o s i t i o n s  ( i . e . ,  f o r m a n t s ) .  
The a u d i t o r y  s y s te m 's  e f f i c i e n c y  in  d e a l i n g  w i th  sp e e c h  o r  
s p e e c h - l i k e  s i g n a l s  c o n t a i n i n g  t h e s e  c u es  i s  b e g in n in g  to  
be  e x p lo r e d  (N ab e lek  and H i r s h ,  1969).
FACTORS AFFECTING SPEECH INTELLIGIBILITY
The e a r l i e s t  q u a n t i t a t i v e  s t u d i e s  o f  t h e  r e l a t i v e  
i n t e l l i g i b i l i t y  o f  sp e e c h  sounds were u n d e r ta k e n  t o  e v a l u ­
a t e  t h e  r e l a t i v e  p e r fo rm a n c e  o f  t e l e p h o n e  t r a n s m i s s i o n  s y s ­
tem s (C am p b e ll ,  1 9 1 0 ) .  S ta n d a r d iz e d  l i s t s  o f  s y l l a b l e s ,  
w ords , and s e n te n c e s  w ere  l a t e r  i n t r o d u c e d  and t h e  " a r t i c u ­
l a t i o n  s c o r e s "  f o r  e a c h  o f  t h e s e  m a t e r i a l s  w ere exam ined f o r  
t e l e p h o n e  c i r c u i t s  and f re q u e n c y  f i l t e r i n g  system s ( F l e t c h e r  
and S t e i n b e r g ,  1 9 2 9 ) .  One o f  t h e  e a r l i e s t  o b s e r v a t io n s  
made w i th  t h e s e  t e s t s  was t h a t  t h e  i n t e l l i g i b i l i t y  d e c r e a s e d  
a s  t h e  l e v e l  o f  t h e  sp eech  a p p ro a c h e s  t h e  t h r e s h o l d  o f  h e a r ­
i n g .  On t h e  b a s i s  o f  t h i s  o b s e r v a t i o n ,  F l e t c h e r  and S t e i n ­
b e rg  (1929)  recommended t h e  u s e  o f  t h e s e  t e s t s  " i n  m e a su r in g
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t h e  d e a f n e s s  o f  an o b s e r v e r "  ( p .  85 1 ) .
When m e asu rin g  t h e  i n t e l l i g i b i l i t y  o f  s p e e c h  by a r ­
t i c u l a t i o n  m ethods, one may a n a ly z e  t h e  s u b j e c t ' s  r e s p o n s e s  
in  te rm s  o f  an a r t i c u l a t i o n  f u n c t io n  w hereby t h e  s c o r e s  o b ­
t a i n e d  a r e  p l o t t e d  a s  a  f u n c t io n  o f  s i g n a l  l e v e l  o r  sp e e c h -  
t o - n o i s e  r a t i o .  An a l t e r n a t i v e  method ( f i r s t  d e s c r i b e d  by 
C am pbell ,  1910) i s  t o  r e c o r d  t h e  number o f  d i f f e r e n t  r e s p o n ­
s e s  f o r  e a c h  speech  s t im u lu s .  T h is  t a b l e  o f  t a r g e t - r e s p o n s e  
p a i r s ,  known a s  a  " c o n fu s io n  m a t r ix " ,  may be u se d  to  d e t e r ­
mine w hich  phonemes a r e  c o n s i s t e n t l y  m i s i d e n t i f i e d .
The a r t i c u l a t i o n - t e s t  method was u se d  e x t e n s i v e l y  
to  a s s e s s  t h e  r e l a t i v e  p e r fo rm a n c e  o f  com m unication  s y s ­
tem s, and o f  r e l a t e d  f a c t o r s  su ch  as m ask ing  and f i l t e r i n g  
(E gan , 1 9 4 8 ) .  N o n -a c o u s t ic  f a c t o r s  w ere  a l s o  s t u d i e d ,  such  
a s :  ( i )  r e l a t i v e  f r e q u e n c i e s  o f  o c c u r r e n c e  o f  t h e  sp eech
sounds,  ( i i )  t h e  u s e  o f  s y l l a b l e s  v s .  words o r  s e n te n c e s ,  
( i i i )  l e a r n i n g  e f f e c t s ,  and ( iv )  r e l a t i v e  d i f f i c u l t y  o f  t e s t  
m a t e r i a l s .  Egan r e p o r t e d  on t h e  deve lopm en t o f  t e s t s  a t  t h e  
P sy c h o -A c o u s t ic  L a b o r a to r y .  The m o n o s y l la b ic  l i s t s  w ere 
c o n s t r u c t e d  w i th  commonly-used words o f  e q u a l  a v e ra g e  d i f f i ­
c u l t y ,  and e q u a l  p h o n e t i c  co m p o sito n  r e p r e s e n t a t i v e  o f  t h e
fu n d a m e n ta l  E n g l i s h  sp eech  so u n d s .
The im p o r ta n c e  o f  a number o f  t h e  f a c t o r s  d i s c u s ­
se d  by Egan was l a t e r  co n f irm ed  in  a s tu d y  by H i r s h ,  Reyn­
o l d s ,  and J o s e p h  (1954)  in  w h ich  t h e i r  d i f f e r e n t i a l  e f f e c t s  
w ere  e v a l u a t e d  u nder  b o th  m asking and f i l t e r i n g  c o n d i t i o n s .
I t  has  a l s o  been shown t h a t  p r e v io u s  know ledge o f  t h e  m es­
sa g e  s e t  can  a f f e c t  t h e  d e te rm in a n t  f a c t o r s  o f  i n t e l l i g i ­
b i l i t y  ( P o l l a c k ,  R u b e n s te in  and D ecker , 1 9 5 9 ) .  They showed 
t h a t  i n  a  known m essage  s e t ,  i n t e l l i g i b i l i t y  o f  t h e  words 
p r e s e n t e d  i n  n o i s e  was d e te rm in e d  s o l e l y  on t h e  a c o u s t i c  
s i m i l a r i t y  o f  t h e  m a t e r i a l s .  However, in  an unknown mes­
sag e  s e t ,  t h e  a v e ra g e  f re q u e n c y  o f  u s a g e  o f  t h e  words b e ­
came a co n fo u n d in g  f a c t o r .
A r t i c u l a t i o n  t e s t s  h av e  a l s o  been  u se d  t o  e v a l u a t e  
t h e  r e l a t i v e  im p o r ta n c e  to  sp e e c h  i n t e l l i g i b i l i t y  o f  d i f ­
f e r e n t  f r e q u e n c ie s  w i t h i n  t h e  sp eech  sp ec tru m  in  b o th  q u i e t  
(F re n c h  and S t e i n b e r g ,  1947) and in  n o i s e  ( P o l l a c k ,  1948).
By s y s t e m a t i c a l l y  f i l t e r i n g  t h e  sp e e c h  s i g n a l  u n d e r  d i f f e r ­
e n t  n o i s e  c o n d i t i o n s ,  P o l l a c k  was a b l e  t o  draw th e  f o l l o w ­
in g  c o n c lu s io n s  a b o u t  t h e  r e l a t i v e  c o n t r i b u t i o n s  o f  d i f f e r ­
e n t  p o r t i o n s  o f  t h e  sp e e c h  s p e c t r a  to  sp e e c h  i n t e l l i g i b i l i t y *
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(1 )  H ig h e r  f r e q u e n c i e s  a lo n e  c o n t r i b u t e  l i t t l e ,  b u t  when 
c o u p le d  w i th  low f r e q u e n c i e s  t h e i r  c o n t r i b u t i o n  i s  s i g n i f i ­
c a n t .  (2 )  The c o n t r i b u t i o n  o f  lo w er  f r e q u e n c i e s  i s  sm a ll  
and t e n d s  t o  be d e t r im e n t a l  a t  h ig h  i n t e n s i t y  l e v e l s  (d u e  
t o  upward sp re a d  o f  m a s k in g ) ; a t  low i n t e n s i t y  l e v e l s ,  how­
e v e r ,  low f r e q u e n c i e s  a r e  b e n e f i c i a l  in  t h a t  th e y  te n d  to  
add t o  t h e  o v e r a l l  s i g n a l  l e v e l .  (3 )  The c o n t r i b u t i o n  o f  
a  s i n g l e  f re q u e n c y  band i s  n o t  in d e p e n d e n t  o f  t h e  c o n t r i b u ­
t i o n  b e in g  made a t  t h e  same t im e  by o t h e r  bands .  (4 )  When 
sp eech  i s  p r e s e n t e d  in  w h i te  n o i s e ,  t h e  r e l a t i v e  c o n t r i b u ­
t i o n s  o f  t h e  sp eech  f r e q u e n c i e s  i s  n o t  c o n s t a n t ,  b u t  i s  a 
f u n c t io n  o f  t h e  r e l a t i v e  l e v e l s  o f  sp e e c h  and n o i s e  f o r  
e a c h  f re q u e n c y  band . (5 )  When h ig h  f r e q u e n c i e s  a lo n e  a r e  
p r e s e n t  in  t h e  s ig n a l  ( h ig h - p a s s  f i l t e r i n g ) ,  t h e  improvement 
o f  i n t e l l i g i b i l i t y  w i th  i n c r e a s i n g  i n t e n s i t y  i s  more r a p i d  
th a n  in  a lo w -p a ss  f i l t e r i n g  c o n d i t i o n .  I n  a r e l a t e d  s tu d y ,  
H i r s h ,  e t  a l . (1954) found an i n t e r a c t i o n  betw een u t t e r a n c e  
t y p e  and f i l t e r i n g .  Nonsense s y l l a b l e s  te n d e d  t o  be more 
a d v e r s e l y  a f f e c t e d  by lo w -p a ss  and h ig h - p a s s  f i l t e r i n g  th a n  
v a r i o u s  t y p e s  o f  m o n o s y l la b ic  and p o l y s y l l a b i c  w o rd s .
A s im p le  m easu re  o f  t h e  r e l a t i v e  d i s t r i b u t i o n  o f
h ig h  and low f re q u e n c y  in f o r m a t io n  f o r  sp e e c h  i n t e l l i g i b i l ­
i t y  i s  t h e  " c r o s s - o v e r "  f r e q u e n c y .  F re n c h  and S t e i n b e r g  
(1947) found  t h a t  t h e  same a r t i c u l a t i o n  s c o r e  may be o b ­
t a i n e d  when o n ly  f r e q u e n c i e s  below  1900 Hz a r e  p a s s e d  as  
when o n ly  f r e q u e n c i e s  above 1900 Hz a r e  p a s s e d .  A s l i g h t l y  
lo w e r  " c r o s s - o v e r "  p o i n t  (1600 Hz) was found  by H i r s h ,  e t  
a l . (1954) u s in g  f i l t e r s  w hich  d id  n o t  c u t  o f f  a s  s h a r p ly .
An even lo w e r  c r o s s - o v e r  ( a p p ro x im a te ly  1000 Hz) i s  found 
when f i l t e r i n g  i s  p e rfo rm ed  on speech  p r e s e n t e d  in  a  b a c k ­
ground  o f  n o i s e  ( P o l l a c k ,  1 9 4 8 ) .
The e f f e c t s  o f  n o i s e  on sp eech  i n t e l l i g i b i l i t y  i s  
a  p rob lem  o f  l o n g s ta n d in g  i n t e r e s t .  M i l l e r  (1947) i d e n t i ­
f i e d  t h r e e  im p o r ta n t  a s p e c t s  o f  t h e  n o i s e  m asker: ( i )  t h e
i n t e n s i t y  o f  t h e  n o i s e  in  r e l a t i o n  to  t h e  i n t e n s i t y  o f  t h e  
sp eech  ( i . e . ,  s p e e c h - t o - n o i s e  r a t i o ) ,  ( i i )  t h e  sp ec tru m  o f  
t h e  n o i s e ,  and ( i i i )  t h e  te m p o ra l  c h a r a c t e r i s t i c s  o f  t h e  
n o i s e .  Thus, a w id e -b an d ,  u n i n t e r r u p t e d  m asker w i th  a  s l o p ­
in g  sp ec tru m  s i m i l a r  t o  t h e  lo n g - te r m  sp e e c h  sp ec tru m  was 
found  t o  be t h e  m ost e f f i c i e n t  m ask e r .  M i l l e r  em phas ized  
t h e  im p o r ta n c e  o f  t h e  n o i s e  sp ec tru m  r a t h e r  th a n  i t s  wave­
form . T ha t i s ,  m ask ing  i s  in d e p e n d e n t  o f  th e  p h a se  r e l a t i o n s  
among t h e  com ponents o f  t h e  n o i s e .
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The m asking e f f e c t s  o f  na rrow  bands  o f  n o i s e  a t  
low  t o  m o d e ra te  n o i s e  l e v e l s  a r e  m ost e a s i l y  i n t e r p r e t e d  
i n  r e l a t i o n  to  t h e  sp e e c h  sp ec tru m  in  t h e  c o r re s p o n d in g  
f re q u e n c y  band . Low f re q u e n c y  bands do n o t  have much e f ­
f e c t  a t  low  i n t e n s i t i e s  due t o  t h e  r e l a t i v e l y  s t r o n g  sp eech  
com ponents in  t h a t  a r e a .  At h i g h e r  i n t e n s i t i e s  how ever, 
m asking  i s  q u i t e  e f f e c t i v e ,  even s p re a d in g  o v e r  t h e  e n t i r e  
f re q u e n c y  r a n g e .  High f re q u e n c y  b an d s ,  on t h e  o t h e r  hand, 
a r e  e f f e c t i v e  in  m ask ing  h ig h  f re q u e n c y  components o f  sp eech  
even  a t  low i n t e n s i t i e s  due t o  t h e  weak sp eech  components 
i n  t h a t  f r e q u e n c y  r e g i o n .  However, t h e r e  i s  v e ry  l i t t l e  
downward s p re a d  o f  m asking  even f o r  v e ry  h ig h  n o i s e  l e v e l s .  
As was t h e  c a s e  f o r  f i l t e r i n g ,  H i r s h ,  e t  a l . ,  (1954) found 
t h a t  n o i s e  l e v e l  and s i g n a l - t o - n o i s e  r a t i o  have d i f f e r e n ­
t i a l  e f f e c t s  on t h e  i n t e l l i g i b i l i t y  o f  words and n o n se n se  
s y l l a b l e s .
An a t te m p t  was made t o  d ev e lo p  a c o m p u ta t io n a l  
p ro c e d u re  f o r  p r e d i c t i n g  a r t i c u l a t i o n  s c o r e s ,  b ased  on 
t h e  s p e e c h - t o - n o i s e  r a t i o  in  s e v e r a l  f r e q u e n c y  b a n d s .  A 
p r a c t i c a l  ap p ro ach  to  t h i s  p rob lem  i s  t o  compute t h e  A r t i c u ­
l a t i o n  In d e x  ( A l ) . The d e r i v a t i o n  o f  t h e  Al i s  b a se d  on
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t h e  a s su m p tio n  t h a t  t h e  c o n t r i b u t i o n  to  sp eech  i n t e l l i g i ­
b i l i t y  by a  c e r t a i n  band o f  sp e e c h  i s  in d e p e n d e n t  o f  t h e  
c o n t r i b u t i o n s  o f  o t h e r  bands (F re n c h  and S t e in b e r g ,  1947; 
M i l l e r ,  1947; K r y te r ,  1 9 6 2 a ,b ) .  S p e c i f i c a l l y ,  t h e  spec tru m  
i s  d iv id e d  in t o  20 b an d s ,  each  o f  which i s  assumed t o  make 
an eq u a l  c o n t r i b u t i o n  to  i n t e l l i g i b i l i t y .  The sum o f  th e  
e f f e c t i v e  s i g n a l - t o - n o i s e  r a t i o s  in  ea c h  o f  t h e s e  20 bands 
i s  p r o p o r t i o n a l  to  t h e  Al ( a n  Al o f  1 .0 0  c o r re s p o n d in g  to  
a sum o f  600) . The maximum c o n t r i b u t i o n  o f  each  band i s  
l i m i t e d  t o  30, th e  minimum to  0 dB. T hese  two v a l u e s  s e t  
t h e  dynamic r a n g e  o v e r  w hich  s p e e c h  p eak s  conv ey in g  i n f o r ­
m a tio n  te n d  to  v a r y .  T ha t i s ,  i f  t h e  l e v e l  o f  t h e  sp eech  
p eaks  f a l l s  below t h e  l e v e l  o f  t h e  n o i s e  ( i . e . ,  a  sp eech -  
t o - n o i s e  r a t i o  w i t h i n  t h e  band o f  l e s s  th a n  0 dB) , t h a t  
p a r t i c u l a r  band makes no c o n t r i b u t i o n  t o  t h e  a r t i c u l a t i o n  
in d e x .  I f  t h e  sp eech  p eaks  a r e  more t h a n  30 dB above  th e  
RMS l e v e l  o f  th e  n o i s e ,  t h e  c o n t r i b u t i o n  i s  eq u a l  t o  30. 
Thus, be tw een  t h e s e  two l i m i t s ,  t h e  e f f e c t i v e n e s s  o f  t h e  
band i s  d ep en d en t  upon t h e  sp e e c h -p e a k - to -R M S -n o ise  r a t i o  
i n  t h a t  b an d . C o m p u ta t io n a l ly ,  t h e  l e v e l  o f  t h e  sp e e c h  
peaks  i s  o b t a in e d  by ad d in g  12 dB to  t h e  RMS sp e e c h  l e v e l
i n  t h e  band .
I d e a l l y ,  i t  would be u s e f u l  t o  h ave  a  m easurem ent 
d e v ic e  w hich  would be in d e p e n d e n t  o f  t h e  t e s t  m a t e r i a l s  
u s e d ,  and a l lo w  f o r  a  p r e d i c t i o n  o f  t h e  e f f e c t  d i r e c t l y  
from i t .  The A r t i c u l a t i o n  In d e x  h as  been  u sed  f o r  t h i s  
p u rp o s e .  Once t h e  Al has  been  c a l c u l a t e d ,  i t  can be used  
t o  p r e d i c t  n o n se n se  s y l l a b l e ,  word, o r  s e n te n c e  a r t i c u l a ­
t i o n  s c o r e s  f o r  a g iv e n  l i s t e n e r  o r  team  o f  l i s t e n e r s .
T h is  p r e d i c t i o n  i s  o b t a in e d  from  e m p i r i c a l l y - d e r i v e d  c u rv e s  
r e l a t i n g  t h e  Al to  p e r c e n t  i n t e l l i g i b i l i t y .  A c e n t r a l  a s ­
sum ption  t o  t h e s e  p r e d i c t i o n s  i s  t h a t  p e r c e n t  i n t e l l i g i ­
b i l i t y  i s  a  m onoton ic  f u n c t io n  o f  t h e  A l .
C o r r e c t i o n  f a c t o r s  h av e  been s u g g e s te d  t o  im prove 
t h e  a c c u ra c y  o f  t h e  A r t i c u l a t i o n  In d e x  p ro c e d u re .  These  
i n c lu d e  c o r r e c t i o n s  f o r  t h e  e f f e c t s  o f  h ig h  n o i s e  l e v e l s ,  
p eak  c l i p p i n g ,  i n t e r r u p t e d  o r  s h a r p l y - a t t e n u a t e d  n o i s e ,  
v a r i a t i o n s  in  v o c a l  e f f o r t ,  and r e v e r b e r a t i o n  ( K r y t e r ,  
1 9 2 6 b ) . T h e re  a r e ,  however, many f a c t o r s  t h a t  have  n o t  
been  a c c o u n te d  f o r  ( i . e . ,  s e v e r e  p eaks  o r  v a l l e y s  i n  t h e  
sp eech  o r  n o i s e  s p e c t r a ,  s e v e r e  f i l t e r i n g ,  n o n l i n e a r  d i s ­
t o r t i o n s  o r  c o m b in a t io n s  o f  d i s t o r t i o n s ,  t h e  u s e  o f  sp eech
b a b b le  a s  a  m asker, o r  n o i s e  h a v in g  s i g n i f i c a n t  e n e rg y  b e ­
low  600 Hz o r  above 4800 H z ) . One b a s i c  a s su m p tio n  o f  t h e  
A l,  t h e  in d ep e n d e n c e  o f  t h e  b an d s ,  i s  c o n t r a d i c t e d  by t h e  
e v id e n c e  showing t h e  in te rd e p e n d e n c e  o f  d i f f e r e n t  sp e e c h  
bands in  c o n t r i b u t i n g  to  i n t e l l i g i b i l i t y  ( R o s e n th a l ,  Lang, 
and L e v i t t ,  1975).  An a l t e r n a t i v e  m ethod c o u ld  be t h e  c a l ­
c u l a t i o n  o f  t h e  c u m u la t iv e  c o n t r i b u t i o n s  o f  t h e  bands to  
i n t e l l i g i b i l i t y .  A m o d i f i c a t i o n  p ro p o se d  by K r y te r  (1962b) 
in  w hich an " e f f e c t i v e "  s i g n a l - t o - n o i s e  r a t i o  i s  c a l c u l a t e d  
a t t e m p t s  t o  t a k e  i n t o  a c c o u n t  upward s p re a d  o f  m ask ing  e f ­
f e c t s  .
A s e t  o f  c o n t r a d i c t o r y  f i n d i n g s  have  been  r e p o r t e d  
i n  s t u d i e s  w i th  sp e e c h  a n d /o r  n o i s e  p r e s e n t e d  a t  h ig h  i n ­
t e n s i t i e s .  A lthough  s p e e c h - t o - n o i s e  r a t i o  a p p e a rs  t o  be 
t h e  p r im a ry  v a r i a b l e ,  a t  h ig h  n o i s e  l e v e l s  p o o r e r  i n t e l l i g i ­
b i l i t y  i s  m easured  t h a n  would be p r e d i c t e d  s o l e l y  on t h e  
b a s i s  o f  s p e e c h - t o - n o i s e  r a t i o .
When f i l t e r e d  sp eech  i s  p r e s e n t e d  in  q u i e t ,  t h e r e  
i s  a  s i g n i f i c a n t  r e d u c t i o n  in  i n t e l l i g i b i l i t y  a t  h ig h  
l e v e l s  ( F re n c h  and S t e i n b e r g ,  1947, p .  1 0 1 ) .  However, no 
such  r e d u c t i o n  i s  o b s e rv e d  f o r  h i g h - i n t e n s i t y  w id e-b an d
sp eech  p r e s e n t e d  in  q u i e t  ( F l e t c h e r ,  1953, pp . 3 4 1 -3 4 3 ) .  
F i n a l l y ,  a  r e d u c t i o n  in  w id e-b an d  sp eech  i n t e l l i g i b i l i t y  i s  
se e n  when h i g h - i n t e n s i t y  sp eech  i s  p r e s e n t e d  in  a  n o i s e  
b ackground  ( P o l l a c k  and P i c k e t t ,  1 9 5 7 a ) .  In  a  su b se q u e n t  
p a p e r ,  P o l l a c k  and P i c k e t t  (1957b) s u g g e s t  t h a t  n o i s e  may 
be r e g a rd e d  as  r e d u c in g  t h e  c o n t r i b u t i o n  o f  s p e c i f i c  sp eech  
f r e q u e n c i e s ,  as  had been  assumed f o r  f i l t e r i n g .  They p o i n t  
o u t  t h a t  t h e  A r t i c u l a t i o n  Index  d o es ,  i n  f a c t ,  c o n s id e r  
t h e s e  two e f f e c t s  in  t h e  same manner, d e s p i t e  t h e  e v id e n c e  
t h a t  t h e  two f a c t o r s  may have d i f f e r e n t i a l  e f f e c t s  ( H i r s h ,  
e t  a l . ,  1 9 5 4 ) .  S u p p o r t in g  d a t a  have been  p r e s e n te d  ( P o l ­
l a c k  and P i c k e t t ,  1957b) showing t h a t  f i l t e r i n g  o f  sp eech  
a t  h ig h  l e v e l s  p ro d u c e s  a  dec rem en t in  sp e e c h  i n t e l l i g i b i l ­
i t y  w hich  i s  ro u g h ly  e q u i v a l e n t  t o  t h e  r e d u c t i o n  o b t a in e d  
when h i g h - i n t e n s i t y  sp e e c h  i s  p r e s e n t e d  in  n o i s e .  I n  a d d i ­
t i o n ,  h ig h  sp eech  and n o i s e  l e v e l s  have  been  shown to  c a u se  
a  r e d u c t i o n  in  i n t e l l i g i b i l i t y  w i th  c o n s t a n t  s p e e c h - t o - n o i s e  
r a t i o s  ( P o l l a c k  and P i c k e t t ,  1 9 5 8 ) .  T h is  f in d in g  t e n d s  t o  
s u p p o r t  t h e  a ssu m p tio n  t h a t  o v e r - a l l  l e v e l ,  r a t h e r  th a n  
s p e e c h - t o - n o i s e  r a t i o ,  may be a d e te rm in in g  f a c t o r  i n  sp e e c h  
i n t e l l i g i b i l i t y .
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PHONEME RECEPTION BY NORMAL-HEARING LISTENERS
C onsonant R e c e p t io n
M i l l e r  and N ic e ly  (1955) s tu d i e d  p e r c e p t u a l  co n ­
f u s io n s  u s in g  16 CV s y l l a b l e s  w i th  t h e  vowel /& / ,  p ro d u ced  
by fem a le  t a l k e r s .  The s y l l a b l e s  w ere  p r e s e n t e d  i n  a  num­
b e r  o f  c o n d i t i o n s  o f  d i s t o r t i o n ,  w i th  a d ju s tm e n ts  made in  
s p e e c h - t o - n o i s e  r a t i o ,  and lo w -p a s s  and h ig h - p a s s  f i l t e r i n g .  
The 16 phonemes were c a t e g o r i z e d  a c c o rd in g  t o  t h e i r  a c o u s t i c  
and a r t i c u l a t o r y  c h a r a c t e r i s t i c s  o r  c u e s .  These  s o - c a l l e d  
f e a t u r e s  w ere : v o i c i n g ,  n a s a l i t y ,  d u r a t i o n ,  a f f r i c a t i o n ,
and p l a c e  o f  a r t i c u l a t i o n .  The a u th o r s  assumed t h a t  t h e s e  
f e a t u r e s  a c t  in d e p e n d e n t ly  o f  one a n o th e r  and a t t e m p te d  t o  
e v a l u a t e  t h e  amount o f  c o n fu s io n  r e l a t e d  t o  each  f e a t u r e  
u n d e r  e a c h  d i s t o r t i o n  c o n d i t i o n .  U nder c o n d i t i o n s  o f  low - 
p a s s  f i l t e r i n g  o r  w id e -b an d  n o i s e  m ask ing , t h e  c o n f u s io n s  
f e l l  i n t o  c o n s i s t e n t  p a t t e r n s .  T h is  i s  u n d e r s t a n d a b le ,  
i n  t h a t  t h e  b ro a d -b a n d  n o i s e  would te n d  t o  mask t h e  h i g h e r  
f r e q u e n c i e s ,  r e s u l t i n g  i n  s i m i l a r  d i s t o r t i o n  e f f e c t s  as  
t h e  f i l t e r i n g .  U nder t h e s e  c o n d i t i o n s ,  t h e  c o n s o n a n ts  f e l l  
i n t o  5 c l e a r l y - d e f i n e d  g ro u p s :  / p t k / , ; / b d g / , / f ,  0 , s , /  /  ,
/ v ,  $  , z , / ) | / ,  and / i n n / . Most c o n f u s io n s  w ere w i t h i n  each
g ro u p ,  few c o n fu s io n s  o c c u r r in g  betw een t h e  g ro u p s .  The 
a u th o r s  c o n c lu d e d  from t h e s e  r e s u l t s  t h a t  v o ic in g  and  n a s a l ­
i t y  w ere m ost e a s i l y  d i s t i n g u i s h e d  u n d e r  c o n d i t i o n s  o f  n o i s e  
and  lo w -p a s s  f i l t e r i n g ,  p resum ab ly  b e c a u se  t h e  a c o u s t i c  c u e s  
im p o r ta n t  f o r  t h e  p e r c e p t i o n  o f  t h e s e  two f e a t u r e s  l i e  p r i ­
m a r i ly  in  t h e  low f re q u e n c y  r e g i o n .  P la c e  o f  a r t i c u l a t i o n ,  
on t h e  o t h e r  hand, was a f f e c t e d  by t h e s e  d i s t o r t i o n s ,  p r e ­
sumably due to  i t s  dependence  on w eaker h ig h e r - f r e q u e n c y  
cu es  ( s u c h  as  t h e  sp ec tru m  o f  t h e  f r i c a t i o n  f o r  v o i c e l e s s  
p l o s i v e s  and f r i c a t i v e s ) . H ig h -p a s s  f i l t e r i n g  c a u s e d  a l l  
f e a t u r e s  t o  be s i m i l a r l y  a f f e c t e d .  A n a ly s is  o f  t h e  co n ­
f u s i o n  m a t r i c e s  showed a  s c a t t e r i n g  o f  r e s p o n s e s  f o r  t h e s e  
c o n d i t i o n s ,  w hich was i n t e r p r e t e d  as  showing a r e d u c t i o n  
i n  a u d i b i l i t y  f o r  a l l  f e a t u r e s .
I n  an a n a l y s i s  o f  t h e  M i l l e r  and N ic e ly  d a t a ,  P i c k ­
e t t  and R u b e n s te in  (1960) p o i n t  o u t  t h a t  when t h e  l o w - f r e ­
quency p o r t i o n  o f  t h e  speech  sp ec tru m  i s  a v a i l a b l e ,  p e r c e p ­
t i o n  o f  v o i c in g  was in d e p e n d e n t  o f  p l a c e  and manner o f  a r ­
t i c u l a t i o n .  However, when o n ly  t h e  h ig h  f r e q u e n c i e s  a r e  
h e a r d ,  v o i c in g  i n t e r a c t s  w i th  p l a c e  and m anner, in  t h a t  i t  
i s  p e r c e iv e d  b e t t e r  w i th  a l v e o l a r s  th a n  l a b i a l s  and b e t t e r
w i th  p l o s i v e s  th a n  w i th  f r i c a t i v e s .  I n  t h e i r  own s tu d y  u s in g  
b ro a d -b a n d  n o i s e  and n o i s e  f i l t e r e d  a t  -12 d B /o c ta v e ,  th e y  
found  s i m i l a r  e f f e c t s  o f  n o i s e  on v o ic in g  p e r c e p t io n  f o r  
s y l l a b l e s  d i f f e r i n g  w i th  r e s p e c t  t o  p o s i t i o n  ( i n i t i a l  v s .  
m e d ia l  o r  f i n a l )  o r  manner ( p l o s i v e s  v s .  f r i c a t i v e s ) .  The 
sp ec tru m  o f  t h e  n o i s e  d id ,  how ever, h av e  a d i f f e r e n t i a l  e f ­
f e c t  on v o i c i n g  p e r c e p t i o n  o f  s y l l a b l e s  d i f f e r i n g  i n  p l a c e .  
F o r  exam ple , v o i c e d - v o i c e l e s s  d i s c r i m i n a t i o n  was b e t t e r  w i th  
a l v e o l a r s  th a n  w i th  l a b i a l s .  The lo w - f re q u e n c y  c u es  domin­
a n t  in  c o n d i t i o n s  o f  b ro a d -b a n d  n o i s e  a r e  o p e r a t i n g  in d e ­
p e n d e n t  o f  p l a c e .  However, i n  lo w - f re q u e n c y  n o i s e ,  t h e  
h ig h e r - f r e q u e n c y  in f o r m a t io n  more im p o r ta n t  f o r  p e r c e p t i o n  
o f  a l v e o l a r  c o n so n a n ts  i s  a v a i l a b l e .
Busch and E ld re d g e  (1967) compared s c o re s  f o r  co n ­
so n a n t  i d e n t i f i c a t i o n  in  s t u d i e s  w hich u s e d  a "w h ite "  n o i s e  
background  w i th  s c o r e s  from a s tu d y  in  w hich  " sp e e c h -sh a p e d "  
n o i s e  was u s e d .  T h e i r  d a t a  showed n e g a t i v e  c o r r e l a t i o n s  b e ­
tw een t h e s e  2 g ro u p s ,  w hich was c o n s i s t e n t  w i th  P o l l a c k  and 
R u b e n s t e i n ' s  (1960) f i n d i n g s .  The c o n c e n t r a t i o n  o f  low- 
f re q u e n c y  power in  t h e  sp e e c h -sh a p e d  n o i s e  r e s u l t e d  in  a  
d e t e r i o r a t i o n  o f  s c o r e s  f o r  n a s a l s ,  l i q u i d s ,  and v o ic e d  
s to p s ,  w i th o u t  s i g n i f i c a n t l y  a f f e c t i n g  t h e  v o i c e l e s s  s to p s
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and f r i c a t i v e s .  On t h e  o t h e r  hand , t h e  s c o re s  from t h e  s t u d ­
i e s  u s in g  b ro a d -b an d  n o i s e  showed t h e  e f f e c t s  o f  t h e  l o s s  o f  
m id d le  and h ig h e r  f re q u e n c y  c u e s .  Busch and E ld re d g e  a l s o  
p o i n t  o u t  t h e  d i f f e r e n c e s  in  t h e  r e s u l t s  which a r e  e v id e n t  
o n ly  when s c o re s  f o r  i n i t i a l  c o n s o n a n ts  and f i n a l  c o n so n a n ts  
a r e  a n a ly z e d  s e p a r a t e l y .  They warn t h a t  g ro u p in g  t h e s e  d a t a  
may te n d  t o  o b s c u re  im p o r ta n t  p e r c e p t u a l  i n t e r a c t i o n s .
The e f f e c t  o f  t h e  p o s i t i o n  o f  t h e  c o n so n an t  in  t h e  
u t t e r a n c e  has  a l s o  been  s tu d i e d  by P e d e rso n  and S tu d e b a k e r  
(1972) u s in g  b ro a d -b a n d  n o i s e  i n  s e v e r a l  s p e e c h - t o - n o i s e  
r a t i o s .  F o r  f i n a l  c o n s o n a n ts ,  t h e  v o ic e d  p l o s i v e s  had t h e  
h i g h e s t  e r r o r  r a t e ,  fo l lo w e d  by t h e  v o ic e d  f r i c a t i v e s ,  
v o i c e l e s s  p l o s i v e s  and v o i c e l e s s  f r i c a t i v e s .  F o r  i n i t i a l  
c o n s o n a n ts ,  how ever, v o i c e l e s s  p l o s i v e s  and f r i c a t i v e s  had 
more c o n f u s io n s  th a n  t h e i r  v o ic e d  c o u n t e r p a r t s .
Abbs and M i n i f i e  (1969) found s i g n i f i c a n t l y  few er 
d i s c r i m i n a t i o n  e r r o r s  betw een p a i r s  o f  s y l l a b l e - f i n a l  f r i c a ­
t i v e s  t h a n  betw een p a i r s  o f  s y l l a b l e - i n i t i a l  f r i c a t i v e s .
I n  a d d i t i o n ,  few er d i s c r i m i n a t i o n  e r r o r s  w ere found  be tw een  
p a i r s  o f  f r i c a t i v e s  w hich d i f f e r e d  i n  v o i c i n g  th a n  betw een  
p a i r s  i n  w hich  t h e  f r i c a t i v e s  w ere  e i t h e r  b o th  v o ic e d  o r
b o th  v o i c e l e s s .
I t  h a s  been s u g g e s te d  t h a t  d is a g re e m e n ts  be tw een  
s t u d i e s  o f  co n so n a n t  r e c e p t i o n  c o u ld  be due , a t  l e a s t  in  
p a r t ,  t o  d i f f e r e n c e s  in  t h e  s p e c t r a  o f  t h e  m asking n o i s e  
u s e d  (H ouse , W il l ia m s ,  H ecker and K r y t e r ,  1965). A n o th e r  
im p o r ta n t  f a c t o r  i s  t h e  t im e -e n v e lo p e  c h a r a c t e r i s t i c  o f  t h e  
n o i s e .  U s in g  as  a  m aske r  a  n o i s e  whose a m p l i tu d e  v a r i e s  in  
t im e  as  t h e  sp eech  s t im u lu s  ( r e f e r r e d  t o  as  sp e e c h -e n v e lo p e  
n o i s e ) ,  H o r i i ,  House, and Hughes (1971) w ere a b le  t o  s tu d y  
t h e  e f f e c t s  o f  a  n o i s e  h a v in g  an i n s t a n t a n e o u s  s p e e c h - to -  
n o i s e  r a t i o  w hich  was e s s e n t i a l l y  c o n s t a n t .  F o r  n o i s e  w i th  
a n o n - t im e - v a r y in g  e n v e lo p e ,  vowel i n t e l l i g i b i l i t y  i s  found  
t o  be c o n s i s t e n t l y  h ig h e r  th a n  co n so n a n t  i n t e l l i g i b i l i t y .
H o r i i ,  e t  a l . a rg u ed  t h a t  t h e  r e a s o n  f o r  t h i s  was t h a t  t h e  
s ta n d a r d  p ro c e d u re  f o r  o b t a i n i n g  s p e e c h - t o - n o i s e  r a t i o  r e ­
s u l t s  i n  a  m easure  o f  v o w e l - to - n o i s e  r a t i o .  Thus, t h e  a v e r ­
age  l e v e l  o f  t h e  c o n so n a n t  may f a l l  below  t h e  n o i s e  in  some 
c o n d i t i o n s .  When t h e  s p e e c h -e n v e lo p e  n o i s e  i s  u s e d ,  how ever, 
t h e  a r t i c u l a t i o n  f u n c t io n s  f o r  t h e  c o n s o n a n ts  and t h e  vow els  
a r e  t h e  same, when a d j u s t e d  t o  have t h e  same in s t a n t a n e o u s  
s i g n a l - t o - n o i s e  r a t i o .  M i l l e r  and N ic e ly  (1 9 5 5 ) ,  among o t h e r s ,
37
h av e  i n d i c a t e d  t h a t  n o i s e  t e n d s  to  e f f e c t  c e r t a i n  c l a s s e s  
o f  c o n s o n a n ts  more th a n  o t h e r s .  U sing  t h e  en v e lo p e  n o i s e ,  
how ever, H o r i i ,  e t  a l . m easured  t h e  i n t e l l i g i b i l i t y  o f  s t o p s ,  
f r i c a t i v e s ,  n a s a l s ,  l i q u i d s / g l i d e s ,  and a f f r i c a t e s  t o  be 
ab o u t t h e  same. I n  a d d i t i o n ,  w i th  i n c r e a s i n g l y  p o o r e r  s p e e c h -  
t o - n o i s e  r a t i o s  u s in g  t h e  e n v e lo p e  n o i s e ,  t h e  o r d e r i n g  o f  
r e l a t i v e  i n t e l l i g i b i l i t y  be tw een  t h e  g ro u p s  rem a in s  t h e  same, 
and t h e  d i f f e r e n c e s  i n  s c o re s  betw een c o n so n a n t  g ro u p s  i s  
r e d u c e d .  Thus, th e y  found  no i n t e r a c t i o n  betw een t h e  c l a s s  
o f  t h e  co n so n a n t  and s p e e c h - t o - n o i s e  r a t i o  o r  n o i s e  l e v e l  
when p h o n e m e - to -n o is e  r a t i o s  a r e  e q u a te d .  I n  a d d i t i o n ,  t h e  
a u th o r s  s u g g e s t  t h a t  en v e lo p e  c u e s ,  su ch  as  d u r a t io n  and l e ­
v e l  v a r i a t i o n s ,  a r e  b e in g  u t i l i z e d  t o  a  f u l l e r  e x t e n t .
Wang and B i l g e r  (1973) m easured  c o n so n a n t  d i s c r i m i ­
n a t i o n  u n d e r  d i f f e r e n t  l i s t e n i n g  c o n d i t i o n s .  U sing  s t a t i s ­
t i c a l  p ro c e d u re s  b ased  on in fo r m a t io n  t h e o r y ,  th e y  a t t e m p te d  
to  i s o l a t e  t h e  f e a t u r e s  w hich a c c o u n te d  f o r  good d i s c r i m i ­
n a t i o n  in  d i f f e r e n t  c o n d i t i o n s  w h i le  t a k i n g  i n t o  a c c o u n t  
t h e  i n t e r n a l  redundancy  o f  t h e  f e a t u r e s .  The r e s u l t s  w ere 
i n t e r p r e t e d  in  te rm s  o f  t h e  " p r o p o r t i o n  o f  t o t a l  t r a n s m i t t e d  
in fo r m a t io n "  p ro v id e d  by ea c h  f e a t u r e ,  in d e p e n d e n t  o f  t h e
o t h e r s .  The s t i m u l i  w ere  CV and VC s y l l a b l e s ,  w i th  m ax i­
mum d u r a t i o n s  o f  511 msec, p r e s e n t e d  in  i s o l a t i o n  (n o  c a r ­
r i e r  p h r a s e ) . Changes in  s p e e c h - t o - n o i s e  r a t i o  and b ro a d ­
band n o i s e  l e v e l  r e s u l t e d  in  chan g es  in  t h e  r e l a t i v e  im por­
t a n c e  ( a s  d e f in e d  i n  s t a t i s t i c a l  te rm s)  o f  t h e  f e a t u r e s .
F o r  exam ple , v o ic in g  and n a s a l i t y  w ere w e l l - p e r c e i v e d  in  
n o i s e  b u t  w ere  s u rp a s s e d  by o t h e r  f e a t u r e s  in  q u i e t  c o n d i ­
t i o n s .  D i f f e r e n c e s  w ere a l s o  seen  as  a f u n c t io n  o f  co n so n ­
a n t  p o s i t i o n .  F u r th e rm o re ,  good p e r fo rm a n c e  on one f e a t u r e  
seemed to  be  d e p e n d e n t ,  i n  some c a s e s ,  on t h e  i n t e l l i g i b i l ­
i t y  o f  a n o th e r  f e a t u r e  ( i . e . ,  s i b l a n c e  and d u r a t i o n ) .  T h e i r  
a n a ly s e s  i n d i c a t e d  t h a t  a  sm a ll  number o f  f e a t u r e s  ( i . e . ,  
v o i c in g )  te n d e d  to  c o n s i s t e n t l y  a c c o u n t  f o r  a  l a r g e  p r o p o r ­
t i o n  o f  t r a n s m i t t e d  in fo r m a t io n  ( a l th o u g h  l e s s  so f o r  f i n a l  
c o n s o n a n ts  th a n  f o r  i n i t i a l  c o n s o n a n t s ) .
The a u th o r s  p o i n t  o u t  t h a t  a  l a r g e  p r o p o r t i o n  o f  
t r a n s m i t t e d  in fo r m a t io n  may be a c c o u n te d  f o r  in  te rm s  o f  
t h e  s o - c a l l e d  a r t i c u l a t o r y  and p h o n o lo g ic a l  f e a t u r e s .  
However, no s e t  o f  f e a t u r e s  w ere  found  w hich  w ere i n d e ­
p e n d e n t  o f  c o n t e x t ,  c o n d i t i o n  o r  e x p e r im e n ta l  t a s k .  They 
c o n c lu d e  t h a t  t h e s e  f e a t u r e s  may be  h e l p f u l  in  d e s c r i b i n g
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c o n so n a n t  c o n fu s io n  d a t a  i n  te rm s  o f  t h e  im p o rta n c e  o f  
a c o u s t i c  c u e s .  They may n o t ,  how ever, r e p r e s e n t  u n d e r l y ­
in g  p e r c e p t u a l  p r o c e s s e s .
Vowel R e c e p t io n
M i l l e r  (1956) a n a ly z e d  t h e  c o n f u s io n s  made betw een  
vow els  p r e s e n t e d  in  t h e  / h - d / c o n t e x t . When t h e  u t t e r a n c e s  
w ere  lo w -p a s s  f i l t e r e d  to  670 Hz, t h e r e  w ere few c o n f u s io n s  
be tw een  vow els  w hich d i f f e r e d  on t h e  b a s i s  o f  t h e  f re q u e n c y  
o f  t h e  f i r s t  fo rm a n t .  However, vow els w i th  s i m i l a r  f i r s t  
fo rm a n ts  b u t  w hich d i f f e r e d  w i t h  r e s p e c t  t o  second fo rm an t 
f re q u e n c y  had h i g h e r  r a t e s  o f  c o n f u s io n .
T h is  e f f e c t  was a l s o  seen  by P i c k e t t  (1957) u s in g  
n o i s e s  o f  d i f f e r e n t  s p e c t r a l  c o n t e n t .  When t h e  second  f o r ­
mant was masked by e i t h e r  h ig h  f re q u e n c y  o r  b ro a d -b a n d  
n o i s e ,  t h e  m ost common r e s p o n s e  was a vowel w i th  a  s i m i l a r  
f i r s t  fo rm a n t  f re q u e n c y  ( t h e  r e m a in in g  c u e ) .  These  vow els  
w ere  a l s o  c h a r a c t e r i z e d  by e i t h e r  a  v e ry  h ig h  o r  v e ry  low 
second  fo rm an t f r e q u e n c y .  T h is  was th o u g h t  to  be r e l a t e d  
t o  t h e  h i g h e r  f re q u e n c y  o f  o c c u r r e n c e  o f  E n g l i s h  vow els  
h a v in g  r e l a t i v e l y  h ig h  o r  low second  fo rm a n t  f r e q u e n c i e s .
I n  a d d i t i o n ,  when o n ly  one fo rm an t i s  a v a i l a b l e ,  d i f f e r e n c e s
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in  d u r a t i o n  o f  t h e  vow els  te n d e d  to  a c t  a s  an a d d i t i o n a l  
c u e .  On t h e  o t h e r  han d , t h e  i n t e n s i t y  d i f f e r e n c e s  betw een  
vow els  t y p i c a l  o f  norm al sp eech  p la y e d  a  l e s s  im p o r ta n t  r o l e .  
More i n t e n s e  vow els w ere  more i n t e l l i g i b l e  o n ly  in  t h e  low- 
f re q u e n c y  n o i s e  c o n d i t i o n s .  When th e  h ig h e r  fo rm an t  i s  masked 
by h ig h - f r e q u e n c y  o r  b ro a d -b a n d  n o i s e ,  t h e  re m a in in g  f i r s t  
fo rm an t cue d id  n o t  a p p e a r  t o  improve i n t e l l i g i b i l i t y .
S e v e r a l  v a r i a b l e s  have been  i s o l a t e d  w hich h av e  been 
shown t o  a f f e c t  a  l i s t e n e r ' s  vowel i d e n t i f i c a t i o n  a b i l i t y .  
P e t e r s o n  and Barney (1952) h ave  em phasized  t h e  im p o r ta n c e  
o f  t h e  l i s t e n e r ' s  p r e v io u s  la n g u a g e  e x p e r i e n c e .  T h e i r  d a t a  
i n d i c a t e  t h a t  i f  a  p e r s o n  f a i l s  t o  d i s t i n g u i s h  be tw een  two 
vow els  in  p r o d u c t io n ,  he  i s  n o t  l i k e l y  to  d i s c r i m i n a t e  b e ­
tw een them in  a  l i s t e n i n g  t a s k .  I n  a d d i t i o n ,  when a  c o n f u s ­
io n  was made, i t  t e n d e d  to  be w i th  a  vowel t h a t  was a d j a c e n t  
t o  i t  on t h e  vowel q u a d r i l a t e r a l .  F u r th e rm o re ,  t h e  vow els 
t h a t  w ere c o r r e c t l y  i d e n t i f i e d  m ost o f t e n  w ere t h e  vow els  t h a t  
a r e  p ro d u ced  a t  t h e  ex trem e  p o i n t s  o f  t h e  a r t i c u l a t o r y  m echanism.
The a d j a c e n t  c o n so n a n ts  have  been shown to  have  an 
e f f e c t  on t h e  " s e c o n d a ry ” a c o u s t i c  c h a r a c t e r i s t i c s  o f  t h e  
vo w els ,  su ch  a s  d u r a t i o n ,  i n t e n s i t y ,  and fu n d am en ta l  f r e -
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quency (L indb lom , 1963) . The e f f e c t s  o f  t h e s e  c o n s o n a n t - 
vowel i n t e r a c t i o n s  on vowel p e r c e p t i o n  h a s  n o t ,  a s  y e t ,  been  
c l e a r l y  d e te rm in e d .
PHONEME RECEPTION BY HEARING- IMPAIRED LISTENERS
The s tu d y  o f  co n so n a n t  and vowel r e c e p t i o n  h as  r e ­
c e n t l y  been  w idened  t o  i n c lu d e  t h e  i n v e s t i g a t i o n  o f  e r r o r  
p a t t e r n s  made by h e a r in g - im p a i r e d  l i s t e n e r s .  I n c lu d e d  
among t h e s e  a n a ly s e s  w ere t h e  e f f e c t s  o f  background  n o i s e ,  
f i l t e r i n g  e f f e c t s ,  and t h e  r e l a t i o n s h i p  ( i f  any) o f  s p e ­
c i f i c  p a t t e r n s  o f  c o n fu s io n s  w i th  c e r t a i n  a u d i t o r y  p a t h ­
o l o g i e s  o r  a u d io m e t r ic  c o n f i g u r a t i o n s .
Consonant R e c e p t io n
O yer and Doudna (1959) a n a ly z e d  r e s p o n s e s  t o  t h e  
CID W-22 word l i s t s  by p h o n e t ic  e r r o r  t y p e .  S i m i l a r  co n ­
f u s io n  p a t t e r n s  were found f o r  p a t i e n t s  w i th  c o n d u c t iv e  
and s e n s o r i - n e u r a l  h e a r in g  l o s s , a l th o u g h  t h e  e r r o r s  f o r  
t h e  l a t t e r  g ro u p  w ere  l e s s  c o n s i s t e n t .  P l o s i v e  and f r i c a ­
t i v e  e r r o r s  w ere  m ost common, a s  w ere phonemes i n  word- 
f i n a l  p o s i t i o n .
P i c k e t t ,  e t  a l . (1970) s tu d i e d  phoneme r e c e p t i o n  by
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l i s t e n e r s  w i th  s e v e r e - t o - p r o f o u n d  h e a r in g  im p a irm e n t .  The 
g r e a t e r  a v a i l a b i l i t y  o f  lo w -f re q u e n c y  c u e s ,  a lo n g  w i th  d u r a ­
t i o n  in f o r m a t io n ,  a c c o u n te d  f o r  b e t t e r  r e c e p t i o n  o f  v o i c i n g ,  
n a s a l s ,  l i q u i d s ,  and g l i d e s .  H ig h e r  f re q u e n c y  in fo r m a t io n  
n e c e s s a r y  f o r  p la c e  r e c e p t i o n  was l a c k i n g ,  even f o r  th o s e  
s u b j e c t s  w i t h  " b e t t e r "  h e a r i n g .
S e v e r a l  p a p e r s  have  a t te m p te d  t o  r e l a t e  t h e  p a t ­
t e r n s  o f  c o n fu s io n s  w i th  audiogram  c o n f i g u r a t i o n .  Law rence 
and B yers  (1969) s t u d i e d  t h e  a b i l i t y  o f  s u b j e c t s  w i t h  h ig h -  
f re q u e n c y  h e a r in g  im p a irm en ts  ( o f  d i f f e r e n t  d u r a t io n s )  to  
d i s c r i m i n a t e  among v o i c e l e s s  f r i c a t i v e s .  The r e s u l t ,  in  
g e n e r a l ,  was a h ig h  p e r c e n ta g e  o f  c o r r e c t  i d e n t i f i c a t i o n s  
w i th  i d i o s y n c r a t i c  p a t t e r n s  o f  r e s p o n s e  f o r  t h e  5 s u b j e c t s  
t e s t e d .  Most e r r o r s  w ere l i m i t e d  t o  two g ro u p s ,  c o n f u s io n s  
be tw een  / s /  and m  and betw een  / f /  and /© / .  To a c c o u n t  
f o r  t h e  r e l a t i v e l y  good p e r fo rm a n c e ,  t h e  a u th o r s  s u g g e s t  a 
r e l a t i o n s h i p  betw een f r i c a t i v e  i d e n t i f i c a t i o n  and second  
fo rm a n t t r a n s i t i o n  o f  t h e  f o l lo w in g  vow el.  More c o n f u ­
s io n s  w ere  made when t h e  f r i c a t i v e  was p a i r e d  w i th  a  vowel 
h a v in g  a  h i g h e r  second  fo rm an t ( / i /  and / e / )  where s u b j e c t s '  
h e a r in g  was im p a ire d ,  th a n  f o r  f r i c a t i v e s  p a i r e d  w i t h  vow els
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h a v in g  lo w e r  second fo rm a n ts  ( / o /  and / u / ) .
Owens, B e n e d ic t  and S c h u b e r t  (1972) t e s t e d  s u b j e c t s  
w i th  s e n s o r i - n e u r a l  h e a r in g  im p a irm en t,  a lo n g  w i th  a group 
o f  n o r m a l - h e a r in g  s u b j e c t s  l i s t e n i n g  to  f i l t e r e d  s p e e c h .  
Assuming t h a t  t h e  r e s u l t i n g  e r r o r s  w ere due to  t h e  dependence  
on m is s in g  s p e c t r a l  in f o r m a t io n ,  an a t t e m p t  was made t o  r e ­
l a t e  t h e  c o n f u s io n s  t o  t h e  s t e e p n e s s  o f  t h e  s lo p e  o f  t h e  
h e a r in g  l o s s  o r  i t s  b an d w id th .  Such r e l a t i o n s h i p s  c o u ld  
be shown f o r  o n ly  a few phonemes in  a few p o s i t i o n s .  I t  
a p p e a r s  t h a t  h e a r in g  l o s s  does n o t  a c t  a s  a  s im p le  " f i l t e r "  
and c o m p ar iso n s  o f  t h i s  k in d  sh o u ld  be made w i th  c a u t i o n .
S h e r  and Owens (1974) s tu d i e d  t h e  e f f e c t  o f  h ig h -  
f re q u e n c y  h e a r in g  im pairm en t ( o f  v a r io u s  e t i o l o g i e s )  on a l l  
co n so n a n t  c o n fu s io n  p a t t e r n s .  As in  Owens, e t  a l . (1 9 7 2 ) ,  
t h e  r e s u l t s  w ere compared to  n o r m a l- h e a r in g  s u b j e c t s '  r e s ­
p o n ses  t o  m a t e r i a l s  f i l t e r e d  t o  s im u la te  t h e  s lo p e s  o f  v a r i ­
ous  h ig h - f r e q u e n c y  im p a irm e n ts .  When t h e  two g ro u p s  were 
m atched  f o r  audiogram  and f i l t e r  s lo p e  s i m i l a r  r e s u l t s ,  in  
te rm s  o f  mean s c o re s  and phoneme e r r o r s ,  w ere fo u n d .  Sub­
j e c t s  w i t h  m i ld ly  s lo p in g  aud iogram s ( o r  n o rm a l-h e a r in g  
s u b j e c t s  l i s t e n i n g  to  f i l t e r e d  sp eech  w i th  s i m i l a r  s lo p e )
44
t e n d e d  t o  p e rfo rm  s i g n i f i c a n t l y  b e t t e r  th a n  s u b j e c t s  w i th  
s h a r p ly  s lo p in g  au d io g ram s.  The m a t e r i a l s  u sed  i n  t h i s  
s tu d y  may h ave  been s u b j e c t  t o  w o r d - f a m i l i a r i t y  e f f e c t s .
I n  a d d i t i o n ,  c h o ic e  o f  p r e s e n t a t i o n  l e v e l  co u ld  h av e  p r e ­
v e n te d  c e r t a i n  s u b j e c t s  from r e c e i v i n g  a l l  h ig h - f r e q u e n c y  
in f o r m a t io n  due t o  t h e i r  im pairm en t in  t h a t  r e g i o n .
R e c e n t ly ,  B i l g e r  and Wang (1976) a t te m p te d  t o  g roup  
s u b j e c t s  a c c o rd in g  t o  t h e i r  phonemic c o n f u s io n s ,  and th e n  
t o  a n a ly z e  t h e  g ro u p s  in  te rm s  o f  a u d io m e t r i c  c o n f i g u r a t i o n .  
The phonemic c o n f u s io n s  w ere  a n a ly z e d  i n  t h e  same manner as  
t h e i r  e a r l i e r  s tu d y  u s in g  n o r m a l- h e a r in g  l i s t e n e r s  (Wang 
and B i l g e r ,  1973).  The red u n d an cy  i n h e r e n t  in  p e r c e p t u a l  
f e a t u r e s  makes i t  d i f f i c u l t  t o  a s s i g n  a p e rfo rm a n c e  m easu re  
t o  one f e a t u r e ,  n o t  knowing f o r  c e r t a i n  t h a t  t h e  s c o r e  was 
b a se d  on t h a t  f e a t u r e  a lo n e .  The s t a t i s t i c a l  a n a l y s i s  p r o ­
c e d u re  u se d  by th e  a u th o r s  r a n k  o r d e re d  t h e  f e a t u r e s  in  
te rm s  o f  t h e i r  p r o p o r t i o n  o f  t r a n s m i t t e d  in f o r m a t io n .  Thus, 
a l th o u g h  t h e  p e r c e n ta g e  o f  t r a n s m i t t e d  in fo r m a t io n  may be 
t h e  same f o r  two s u b j e c t s ,  t h e  f e a t u r e s  w hich have  c o n t r i ­
b u te d  t h e  m ost in fo r m a t io n  may d i f f e r .  S u b je c t s  w i t h  s im i ­
l a r  " f e a t u r e  p r o f i l e s "  formed t h r e e  g ro u p s  which w ere  found
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t o  be s i m i l a r  in  te rm s  o f  a u d io m e t r ic  c o n f i g u r a t i o n s  ( i )  
n o rm a l,  c o n t r o l  s u b j e c t s  and s u b j e c t s  w i th  m ild  im p a irm e n ts ,
( i i )  s u b j e c t s  w i th  h ig h - f r e q u e n c y  h e a r in g  l o s s ,  and  ( i i i )  
s u b j e c t s  w i th  f l a t  c o n f i g u r a t i o n s .  U sing  d a t a  from a n o th e r  
s tu d y  (R eed , 1975), g roup  m em bership was p r e d i c t e d  from a u d io ­
m e t r i c  d a t a  a lo n e .  The r e s u l t s  w ere m ost a c c u r a t e  f o r  p r e ­
d i c t i n g  members o f  t h e  h ig h - f r e q u e n c y  l o s s  g roup .
M ethods o t h e r  th a n  s t a n d a r d  sp e e c h  r e c e p t i o n  o r  
sp eech  i n t e l l i g i b i l i t y  t a s k s  have  been  u s e d  to  i n v e s t i g a t e  
t h e  p e r c e p t u a l  p r o c e s s in g  s t r a t e g i e s  u t i l i z e d  by t h e  h e a r ­
in g - im p a i r e d  l i s t e n e r .  These  m ethods in c lu d e  t h e  u s e  o f  
s i m i l a r i t y  judgm ents  o f  phoneme p a i r s  (W alden and Montgomery, 
1975) and r e a c t i o n - t i m e  m easurem ents  f o r  s a m e / d i f f e r e n t  d i s ­
c r i m i n a t i o n  o f  phonemes (R eed, 1 9 7 5 ) .  R e s u l t s  o f  t h e s e  
s t u d i e s  i n d i c a t e  t h a t  t h e  h e a r in g - im p a i r e d  l i s t e n e r  may r e l y  
on  o n ly  one dom inant f e a t u r e  w hich i s  p e r c e p t u a l l y  d i s t i n c t ,  
r a t h e r  t h a n  w e ig h in g  each  f e a t u r e  e q u a l l y  (Walden and  Mont­
gomery, 1 9 7 5 ) .  Reed (1975) s u g g e s t s  t h a t  t h e s e  f e a t u r e s  
a r e  u s e d  i n  a  l e s s  e f f i c i e n t  m anner by t h e  h e a r in g - im p a i r e d  
t h a n  by n o r m a l- h e a r in g  l i s t e n e r s .  F u r t h e r  i n v e s t i g a t i o n  
i n t o  t h e s e  p r o c e s s e s  i s  n eed ed ,  f o r  b o th  t h e  n o rm a l-h e a r in g
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and h e a r in g - im p a i r e d  p o p u l a t i o n s .  I n  a d d i t i o n ,  t h e  p o s ­
s i b l e  r a m i f i c a t i o n s  o f  u s in g  m ethods such  as  t h e s e  i n  a n a l y ­
s e s  o f  sp e e c h  r e c e p t i o n  sh o u ld  be e x p lo r e d .
Vowel R e c e p t io n
Vowel e r r o r s  made by h e a r in g - im p a i r e d  l i s t e n e r s  
w ere s tu d i e d  by Ownes, T a lb o t ,  and S c h u b e r t  (1968) u s in g  
a c lo s e d - r e s p o n s e  f o rm a t .  The r e s u l t s  showed t h i s  t o  be 
a r e l a t i v e l y  easy  t a s k  f o r  t h i s  p o p u la t io n  (94% c o r r e c t  v s .  
46% c o r r e c t  on s ta n d a r d  CID W-22 d i s c r i m i n a t i o n  t e s t s ) . 
E r r o r s  d id  n o t  f a l l  i n t o  a d i s t i n c t  p a t t e r n  in  te rm s  o f  
p a th o lo g y  o f  h e a r in g  im p a irm en t.  However, t h e  m ost common 
s u b s t i t u t i o n s  w ere , a s  e x p e c te d ,  w i th  n e ig h b o r in g  vow els 
on t h e  vowel q u a d r i l a t e r a l .  I n  a d d i t i o n ,  t h e  most common 
i n c o r r e c t  r e s p o n s e  was t h e  vowel / U / . T h is  f i n d i n g  c o u ld  
be i n f e r r e d  from a p l o t  o f  f i r s t  v s .  second  fo rm an t  f r e ­
quency , on w hich t h e  vowel / V /  shows a g r e a t  d e a l  o f  o v e r ­
l a p  w i th  o t h e r  vow els ( P e te r s o n  and B arney , 1952) .
U s ing  s e v e r e - t o - p r o f o u n d l y  im p a ire d  s u b j e c t s ,  
P i c k e t t ,  e t  a l . (1970) found t h a t  vowel c o n fu s io n s  w ere 
r e l a t e d  t o  t h e  s i m i l a r i t y  o f  t h e  f i r s t  fo rm an t f r e q u e n c y .
The s u b j e c t s '  l a c k  o f  d i s c r i m i n a t i o n  a b i l i t y  f o r  t h e  s e c ­
ond ( h ig h e r )  fo rm an t f re q u e n c y  f o r c e s  t h e  r e l i a n c e  on f i r s t  
fo rm an t  in fo r m a t io n .  Back vow els  ( i . e . ,  t h o s e  w i th  lo w er  
f re q u e n c y  second  fo rm a n ts )  w ere  h e a rd  c o r r e c t l y  more o f t e n  
th a n  f r o n t  vow els  ( h i g h e r  f re q u e n c y  second  f o r m a n t s ) . I t  
h a s  a l s o  been  shown t h a t  t h e s e  s u b j e c t s  have l a r g e r  d i f f e r ­
ence  l im en  f o r  h i g h e r  fo rm an t f r e q u e n c i e s  th a n  f o r  lo w er  
fo rm a n t f r e q u e n c i e s ,  f o r  w hich t h e i r  DL' s a r e  e q u i v a l e n t  
t o  n o rm a ls  ( P i c k e t t  and M artony , 1970) .
U s in g  s y n t h e t i c  v o w els ,  D anaher, O s b e rg e r ,  and 
P i c k e t t  (1973)  found  t h a t  d i s c r i m i n a t i o n  o f  t h e  second  
fo rm an t  t r a n s i t i o n  i s  p o o re r  when h e a rd  in  t h e  p r e s e n c e  o f  
f i r s t  fo rm a n t  e n e rg y .  T h is  was assumed t o  be a r e s u l t  o f  
upward s p re a d  o f  m ask ing  o f  t h e  lo w er  f re q u e n c y  fo rm a n t .  
A d d i t io n a l  m asking e f f e c t s  w ere  seen  when a sm a ll  t r a n s i ­
t i o n  was added to  t h e  f i r s t  fo rm a n t .  D i s c r im in a t io n  o f  t h e  
second  fo rm a n t  im proved when t h e  a m p l i tu d e  o f  t h e  f i r s t  
fo rm an t  was r e d u c e d .  However, f u r t h e r  a t t e n u a t i o n  o f  t h e  
f i r s t  fo rm a n t  r e s u l t e d  i n  a s i g n a l  w hich  was n o t  r e c o g n iz e d  
as  sp e e c h .  I n  a  fo l lo w -u p  s tu d y ,  D anaher and P i c k e t t  
(1975) found  f i r s t  fo rm a n t m ask ing  e f f e c t s  p r e s e n t  even 
when t h e  two fo rm a n ts  w ere  s e p a r a t e d  to  two e a r s .  I n  ad-
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d i t i o n ,  t h e  f i r s t  fo rm a n t  seems to  p ro d u c e  a ty p e  o f  b ack ­
ward m ask in g .  The r e s u l t  o f  t h i s  was a  r e d u c t i o n  in  th e  
a b i l i t y  to  d i s c r i m i n a t e  cues p r e c e d in g  t h e  vow el. R e p l i ­
c a t i n g  a  r e s u l t  o f  t h e  f i r s t  s tu d y  (D an ah e r ,  e t  a l . ,  1973), 
th e y  found  t h a t  t h e  r e d u c t i o n  i n  d i s c r i m i n a t i o n  a b i l i t y  a s  
a r e s u l t  o f  t h e s e  m ask ing  e f f e c t s  was n o t  r e l a t e d  to  a u d io ­
m e t r i c  c o n f i g u r a t i o n .  P e rso n s  w i th  s i m i l a r  aud iogram s do 
n o t  n e c e s s a r i l y  show s i m i l a r  d i s c r i m i n a t i o n  t h r e s h o l d s .
The a u th o r s  em phasize  t h e  im p o r ta n c e  o f  a u d i t o r y  t r a i n i n g  
t o  im prove t h e  l i s t e n i n g  s k i l l s  o f  t h o s e  s u b j e c t s  who a r e  
m ost s e v e r e l y  a f f e c t e d  by t h e s e  m asking phenomena.
D a ta  from D anaher , e t  a l . (1973) i n d i c a t e d  t h a t  
some d e t e r i o r a t i o n  in  d i s c r i m i n a t i o n  a b i l i t y  o c c u r s  f o r  a l l  
s u b j e c t s  ( i n c l u d i n g  th o s e  w i t h  norm al h e a r in g )  when l i s t e n ­
in g  a t  h ig h  s ig n a l  l e v e l s .  They co n c lu d ed  t h a t  t h e r e  may 
be some "norm al"  upward s p re a d  o f  m asking a t  h ig h  sound 
l e v e l s .  I n  a d d i t i o n ,  one s h o u ld  keep in  mind when e v a lu a ­
t i n g  t h e  r e s u l t s  o f  t h e s e  two s t u d i e s  t h a t  t h e s e  m e a su re ­
m ents  w ere o f  d i s c r i m i n a t i o n  a b i l i t y  o f  s y n t h e t i c  vowel com­
p o n e n ts  and were n o t  m easu res  o f  sp eech  sound r e c o g n i t i o n .
SPECTRAL ANALYSIS
One g o a l  o f  sp e e c h  a n a l y s i s  i s  t o  p ro v id e  an a c ­
c u r a t e  d e s c r i p t i o n  o f  t h e  many complex f a c t o r s  in v o lv e d  
in  t h e  sp e e c h  p r o d u c t io n  p r o c e s s .  One way o f  a c c o m p l ish ­
in g  t h i s  i s  to  d e v e lo p  a model w hich  w ould a c c o u n t  f o r  a l l  
o f  t h e  im p o r ta n t  p h y s i c a l  c h a r a c t e r i s t i c s  o f  human sp e e c h .  
Then i t  i s  n e c e s s a r y  to  f i n d  m a th e m a t ic a l  r e l a t i o n s h i p s  
t o  r e p r e s e n t  t h e s e  p h y s ic a l  p a r a m e te r s  a s  s im ply  a s  p o s s i ­
b l e  w i th o u t  s a c r i f i c i n g  a c c u r a c y .  The s t a r t i n g  p o i n t  f o r  
t h i s  d e s c r i p t i o n ,  t h e r e f o r e ,  m ust be a  d e s c r i p t i o n  o f  t h e  
im p o r ta n t  a s p e c t s  o f  sp eech  p r o d u c t io n .
Mechanism o f  Speech P r o d u c t io n
The a c o u s t i c a l  sp eech  waveform can  be d e s c r i b e d  as 
an  a c o u s t i c  p r e s s u r e  wave w hich  i s  g e n e r a t e d  when a i r  from 
t h e  lu n g s  i s  f o r c e d  th ro u g h  t h e  v o c a l  t r a c t .  V o iced  sounds 
( i n c l u d i n g  vow els)  a r e  p ro d u ced  when t h e  v o c a l  f o l d s  a r e  
ca u se d  t o  v i b r a t e ,  o p en in g  and c l o s i n g  in  an a lm o s t  p e r i o d i c  
seq u en ce  and p ro d u c in g  q u a s i - p e r i o d i c  p u l s e s  o f  a i r  p r e s s u r e  
w hich  a r e  t r a n s m i t t e d  th ro u g h  t h e  v o c a l  t r a c t .  The r a t e  o f  
v o c a l  f o l d  v i b r a t i o n  i s  known a s  t h e  fu n d am en ta l  f re q u e n c y  
and i s  d e f in e d  as  t h e  r e c i p r o c a l  o f  t h e  t im e  i n t e r v a l  be-
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tw een t h e  p e r io d s  o f  th e  a c o u s t i c  p r e s s u r e  wave.
The volume v e l o c i t y  o f  t h e  a i r  f lo w  th ro u g h  t h e  
g l o t t i s  ( t h e  a r e a  be tw een  t h e  v o c a l  f o l d s )  i s  d e te rm in e d  by 
t h e  s u b g l o t t a l  a i r  p r e s s u r e ,  in  a d d i t i o n  t o  t h e  l e n g t h ,  
t h i c k n e s s ,  and t e n s i o n  o f  t h e  f o l d s  th e m s e lv e s .  The v o c a l  
t r a c t  ( f ro m  t h e  g l o t t i s  to  t h e  l i p s )  can be d e s c r ib e d  as  a 
n o n -u n ifo rm  a c o u s t i c  tu b e  whose sh a p e ,  a s  c o n t r o l l e d  by t h e  
velum , to n g u e ,  jaw, and l i p s ,  v a r i e s  w i th  t im e .  A n o th er  
sound t r a n s m i s s i o n  tu b e ,  t h e  n a s a l  c a v i t y ,  i s  c lo s e d  o f f  
by t h e  velum d u r in g  p r o d u c t io n  o f  n o n - n a s a l  so u n d s .  V o ic e ­
l e s s  sounds ( i n c l u d i n g  f r i c a t i v e s  and p l o s i v e s )  a r e  g e n e r a ­
t e d  when t h e  v o c a l  f o l d s  a r e  h e ld  open , a i r  f o r c e d  p a s t  
them, and th e n  a c o n s t r i c t i o n  form ed by t h e  a r t i c u l a t o r s .  
T h is  c r e a t e s  a  t u r b u l e n c e  and a  s o u rc e  o f  n o i s e  t o  e x c i t e  
t h e  v o c a l  t r a c t .  The waveform from a v o i c e l e s s  u t t e r a n c e  
shows no e v id e n c e  o f  p i t c h  p e r i o d s ,  a s  opposed  t o  t h e  wave­
form o f  a  v o ic e d  u t t e r a n c e ,  w hich  i s  n e a r l y  p e r i o d i c .
The sound s o u rc e s  f o r  v o ic e d  and v o i c e l e s s  sounds 
d e s c r ib e d  above c r e a t e  w id e-b an d  e x c i t a t i o n  o f  t h e  v o c a l  
t r a c t .  The v o c a l  t r a c t  in  t u r n  a c t s  as  a  t im e -v a r y in g  f i l ­
t e r ,  im p a r t in g  i t s  t r a n s m i s s i o n  p r o p e r t i e s  ( i n c l u d i n g  i t s
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r e s o n a n t  f r e q u e n c ie s )  o n to  t h e  s ig n a l  o u t p u t  a t  t h e  l i p s .
T h e re  have been  a t t e m p ts  a t  m o d e l l in g  t h e  above  p r o ­
c e s s ,  i n  o r d e r  to  d e s c r i b e  t h e  a c o u s t i c  o u tp u t  from t h e  
sp eech  p r o d u c t io n  m echanism . One such  model i s  t h a t  p r o ­
p osed  by F a n t  (1960) in  w hich sp eech  i s  r e p r e s e n t e d  as  t h e  
o u tp u t  o f  a  d i s c r e t e ,  t im e - v a r y in g  l i n e a r  f i l t e r ,  one  w hich 
a p p ro x im a te s  t h e  t r a n s m i s s i o n  p r o p e r t i e s  o f  t h e  v o c a l  t r a c t .  
The v o c a l  t r a c t  changes  shape  r e l a t i v e l y  s lo w ly  d u r in g  c o n ­
t in u o u s  sp e e c h ,  r e s u l t i n g  in  s lo w ly -c h a n g in g  sound t r a n s ­
m is s io n  p r o p e r t i e s .  I t  i s  assum ed, t h e r e f o r e ,  t h a t  t h e  v o ­
c a l  t r a c t  shape  may be  a p p ro x im a te d  by a  s u c c e s s io n  o f  s t a ­
t i o n a r y  s h a p e s .  I t  becomes p o s s i b l e  t o  d e f i n e  a t r a n s f e r  
f u n c t io n  f o r  t h e  v o c a l  t r a c t  w hich  i s  r e p r e s e n t e d  by i t s  
p o le s  ( r e s o n a n c e s )  and z e ro s  ( a n t i r e s o n a n c e s ) .
F o r  v o ic e d  so u n d s ,  t h e  in p u t  to  t h e  t im e - v a r y in g  
l i n e a r  f i l t e r  r e p r e s e n t a t i o n  o f  t h e  v o c a l  t r a c t  would be a 
t r i a n g u l a r  p u l s e  t r a i n  ( t h e  g l o t t a l  waveform) i n  w hich  th e  
s p a c in g  be tw een  t h e  im p u lse s  c o r re s p o n d s  to  t h e  p e r i o d  o f  
g l o t t a l  v i b r a t i o n .  F o r  u n v o ic e d  so u n d s ,  a  random n o i s e  
w i th  a f l a t  spec trum  i s  t h e  f i l t e r  i n p u t .  One sh o r tc o m in g  
o f  t h i s  s im p le  model i s  t h a t  i t  does n o t  a c c o u n t  f o r  m ix ing
o f  i n p u t s  ( s u c h  as  v o ic e d  f r i c a t i v e s )  o r  f o r  t h e  a d d i t i o n  
o f  a  s id e - b r a n c h  f i l t e r  ( f o r  n a s a l s ) .  The r e s u l t i n g  v o c a l  
t r a c t  model i s  an a l l - p o l e  model c o n s i s t i n g  o f  a sm a l l  num­
b e r  o f  2 - p o le  r e s o n a t o r s ,  d e f in e d  as  f o rm a n ts .  I n  a d d i t i o n ,  
a  l i p  r a d i a t i o n  f a c t o r  t a k e s  i n t o  a c c o u n t  t h e  r a d i a t i o n  o f  
sound from t h e  mouth by th e  t r a n s f o r m a t i o n  o f  t h e  volume 
v e l o c i t y  waveform a t  t h e  l i p s  t o  t h e  a c o u s t i c  p r e s s u r e  wave­
form a t  some d i s t a n c e  from t h e  l i p s .
I n  t h e  above m odel, sp e e c h  s i g n a l s  a r e  r e p r e s e n t e d  
i n  te rm s  o f  s e v e r a l  t im e - v a r y in g  p a r a m e te r s .  T hese  p a r a ­
m e te r s  a r e  r e l a t e d  t o  t h e  t r a n s f e r  f u n c t i o n  o f  t h e  v o c a l  
t r a c t  and t h e  c h a r a c t e r i s t i c s  o f  t h e  g l o t t a l  e x c i t a t i o n .
By m odeling  t h e  sp eech  waveform d i r e c t l y  i n s t e a d  o f  t h e  
sp ec tru m , one may a v o id  t h e  p rob lem s o f  a p p ly in g  a q u a s i -  
p e r i o d i c  s i g n a l  to  f re q u e n c y -d o m a in  m e th o d s ,  su ch  a s  F o u r i e r  
a n a l y s i s .  Only a  s h o r t  segment o f  t h e  sp e e c h  wave i s  needed  
t o  o b t a i n  a c c u r a t e  r e s u l t s ,  a l lo w in g  f o r  a c c u r a t e  a n a l y s i s  
o f  r a p id ly - c h a n g in g  sp eech  e v e n t s  ( s u c h  as  p l o s i v e  b u r s t s )  
and h i g h e r - p i t c h e d  s p e a k e r s  (women and c h i l d r e n ) . I n  a d d i ­
t i o n ,  c e r t a i n  m easurem ents  ( s u c h  as  fo rm a n t  f re q u e n c y )  may 
now be d e te rm in e d  d i r e c t l y  from  t h e  s p e e c h  wave by s e p a r a t i n g
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o u t  t h e  p o l e s  o f  t h e  v o c a l  t r a c t  from t h e  s o u rc e  f u n c t i o n .
A problem  e n c o u n te r e d  in  t h i s  ty p e  o f  m odel, how ever, 
i s  t h a t  t h e  so u rc e  ( g l o t t a l  waveform) i s  n o t  u n co u p led  from 
t h e  v o c a l  t r a c t .  Thus, t h e  r e s u l t a n t  s p e e c h  s i g n a l  i s  i n ­
f lu e n c e d  by t h e  p r o p e r t i e s  o f  b o th  t h e  q u a s i - p e r i o d i c  s o u rc e  
and by t h e  t r a n s f e r  f u n c t i o n  o f  t h e  v o c a l  t r a c t .  F o r  exam­
p l e ,  i f  t h e  s o u rc e  sp ec tru m  h as  a  r e d u c t i o n  in  s p e c t r a l  e n ­
e rg y  ( a n t i r e s o n a n c e )  n e a r  one o f  t h e  n a t u r a l  f r e q u e n c ie s  
( r e s o n a n c e s )  o f  t h e  v o c a l  t r a c t ,  i t  would be d i f f i c u l t  to  
d e te rm in e  t h e  r e s u l t i n g  fo rm an t  f re q u e n c y  in  t h e  sp e c tru m . 
The n a s a l  c a v i t y  p r e s e n t s  a  s i m i l a r  p ro b le m . I n  t h e  u s e  o f  
a n a l y s i s  p ro c e d u re s  b ased  on t h i s  m odel, one must be s u re  
t h a t  t h e  im p o r ta n t  in fo r m a t io n  i n  t h e  s i g n a l  ( i . e . ,  fo rm an t 
f r e q u e n c y )  i s  n o t  h id d e n  by t h e  i n f l u e n c e  o f  t h e  s o u rc e .
T h e re  a r e  o t h e r  p r o p e r t i e s  i n h e r e n t  in  t h e  sp eech  
s i g n a l  w hich  must be t a k e n  i n t o  a c c o u n t  in  any sp e e c h  a n a l ­
y s i s  p r o c e d u r e .  One such  p r o p e r t y  i s  i t s  t im e -v a r y in g  n a ­
t u r e .  The d u r a t io n s  o f  t h e  phonemes o f  sp eech  may v a ry  from  
a s  s h o r t  a s  20 msec ( p l o s i v e s )  t o  as  lo n g  as  s e v e r a l  hundred  
msec ( s t e a d y - s t a t e  v o w e ls ) .  I n  a d d i t i o n ,  c e r t a i n  phonemes 
may c o m p r is e  a  sequ en ce  o f  te m p o ra l  e v e n t s  which may n o t  be
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e a s i l y  r e s o l v e d  by c e r t a i n  a n a l y s i s  p r o c e d u r e s .  F u r t h e r ­
more, t h e  s p e c t r a l  s t r u c t u r e  o f  t h e  sp e e c h  s ig n a l  changes  
d r a m a t i c a l l y  w i th  t im e ,  r a n g in g  from t h e  a lm o st s t e a d y ,  
p e r i o d i c  v o ic e d  sounds to  t h e  random v i b r a t i o n s  t y p i c a l  o f  
f r i c a t i v e s .  An a d d i t i o n a l  f a c t o r  i s  t h a t  t h e  p e r i o d i c i t y  
o f  t h e  norm al v o ic e  may ra n g e  from 80 Hz to  350 Hz. F i n a l l y ,  
a s  s t a t e d  p r e v i o u s l y ,  t h e  a n a l y s i s  o f  t h e  sp eech  s i g n a l  m ust 
a c c o u n t  f o r  t h e  i n t e r a c t i o n  be tw een  t h e  harm onic s t r u c t u r e  
o f  sp eech  and i t s  e n v e lo p e  s t r u c t u r e .
S peech  Waveform A n a l y s i s .
S peech  waveform a n a l y s i s  i s  u s e f u l  f o r  s tu d y in g  
t h e  p r o p e r t i e s  o f  t h e  g l o t t a l  s o u rc e .  The a c o u s t i c  wave­
form , when d i s p la y e d  on an a m p l i tu d e  v s .  t im e  s c a l e  ( i . e . ,  
an  o s c i l l o g r a p h ) ,  a l lo w s  f o r  an  a n a l y s i s  o f  t h e  g e n e r a l  e n ­
v e lo p e  c h a r a c t e r i s t i c s  o f  i t s  t im e - v a r y in g  p r o p e r t i e s .  T hese  
i n c lu d e  v o i c in g  c h a r a c t e r i s t i c s ,  s h o r t - t e r m  as  w e l l  a s  l o n g ­
te rm  a m p l i tu d e  c h a n g e s ,  and t h e  i d e n t i f i c a t i o n  o f  b o u n d a r ­
i e s  be tw een  c e r t a i n  sp e e c h  segm ents  ( i . e . ,  betw een v o ic e d  
and v o i c e l e s s  s o u n d s ) . I n  norm al sp e e c h ,  t h e  p e r io d  from 
t h e  s t a r t  o f  one g l o t t a l  c y c l e  t o  t h e  s t a r t  o f  t h e  n e x t  may 
v a r y .  However, t h e  n e a r l y  p e r i o d i c  s t r u c t u r e  o f  a  v o ic e d
u t t e r a n c e  may e a s i l y  be d e f in e d  by waveform a n a l y s i s  by mea­
s u r in g  t h e  d i s t a n c e  betw een  m a jo r  p e a k s . These  p i t c h  p e r i o d s  
o f  g l o t t a l  v i b r a t i o n s  a r e  n o t  s e e n  in  v o i c e l e s s  so u n d s ,  a s  
t h e s e  sounds a r e  p ro d u ced  by n o i s e  e x c i t a t i o n  o f  t h e  v o c a l  
t r a c t .  I n  a d d i t i o n  t o  g l o t t a l  p u l s e  a n a l y s i s ,  . tim ing  m e a su re ­
m ents  su ch  as  d u r a t i o n s  may e a s i l y  be o b t a i n e d  from  t h e  
sp eech  waveform. I n  a d d i t i o n ,  t h e  o n s e t  c h a r a c t e r i s t i c s  ( a b ­
r u p t  v s .  g r a d u a l )  o f  t h e  s i g n a l  may be d e te rm in e d .
Speech Spectrum  A n a ly s is
A p a r t i c u l a r l y  p o w e rfu l  method o f  a n a l y s i s  i s  t h a t  
o f  s h o r t - t e r m  sp ec tru m  a n a l y s i s .  The a c o u s t i c  d a t a  i s  
t r a n s f o rm e d  in t o  a  s p e c t r a l  r e p r e s e n t a t i o n  by p e r fo rm in g  
s h o r t - t e r m  F o u r i e r  a n a l y s i s  o f  t h e  sp e e c h  waveform . The 
spec trum  o v e r  a  s h o r t  p e r io d  o f  t im e  i s  o b ta in e d  by v iew in g  
t h e  waveform th ro u g h  a t im e  window, o r  w e ig h t in g  f u n c t i o n .
I n  u s in g  s h o r t - t e r m  spec trum  a n a l y s i s ,  i t  i s  assumed t h a t  
t h e  s p e c t r a l  c h a r a c t e r i s t i c s  o f  t h e  s i g n a l  a r e  e s s e n t i a l l y  
c o n s ta n t  w i t h i n  t h e  t im e  window. The c h o ic e  o f  t h e  t im e  
window in t r o d u c e s  t h e  prob lem  known i n  g e n e r a l  te rm s  as  t h e  
" u n c e r t a i n t y  r e l a t i o n s h i p "  (G ab o r ,  1946),  w hich r e f e r s  to  
t h e  r e l a t i o n s h i p  betw een f re q u e n c y  and t im e  r e s o l u t i o n .  As
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a g e n e r a l  r u l e ,  t h e  l o n g e r  t h e  t im e  window, t h e  b e t t e r  
t h e  f re q u e n c y  r e s o l u t i o n  o f  t h e  r e s u l t i n g  spec trum  a n a l y s i s .  
However, i f  a  v e ry  lo n g  t im e  window i s  u s e d ,  te m p o ra l  r e s o ­
l u t i o n  w i l l  be p o o r ,  s in c e  i t  i s  n o t  p o s s i b l e  t o  m easu re  
t i m e - v a r y in g  changes w i t h i n  a  t im e  window. A no th e r  way o f  
v ie w in g  t h e  problem  i s  t h a t  i f  t h e  f re q u e n c y  f i l t e r s  u sed  
in  a  sp e c tru m  a n a l y s i s  a r e  n a r ro w  enough t o  make t h e  f r e ­
quency r e s o l u t i o n  s m a l l ,  th e n  t h e  s ig n a l  i s  n o t  w e l l  r e ­
so lv e d  in  t im e .  F o r  exam ple, to  r e s o l v e  t h e  harm onic  s t r u c ­
t u r e  o f  a  m ale  v o ic e ,  t h e  f re q u e n c y  r e s o l u t i o n  s h o u ld  be 
w e l l  below  100 Hz. However, t h e  r e s u l t i n g  t im e  r e s o l u t i o n  
w i l l  be to o  lo n g  t o  r e s o l v e  t h e  i n d i v i d u a l  p i t c h  p e r i o d s ,  
w hich  a r e  on t h e  o r d e r  o f  8 m sec. I f  t h e  t im e  r e s o l u t i o n  
i s  s e t  t o  5 msec t o  r e s o l v e  t h e  p i t c h  p e r i o d s ,  th e n  t h e  
f re q u e n c y  r e s o l u t i o n  w i l l  be to o  wide ( a p p ro x im a te ly  200 
Hz) and t h e  harm on ics  w i l l  n o t  be r e s o l v e d .
T im e -f re q u e n c y  t r a d i n g  i s  m ost c l e a r l y  se e n  i n  t h e  
u s e  o f  w id e -b an d  (300 Hz) and n a rro w -b an d  (45 Hz) s p e c t r o ­
g ram s. U s in g  t h e  w id e-b an d  f i l t e r ,  sp e c tro g ra m s  a r e  o b ­
t a i n e d  w i th  p i t c h  p e r io d  r e s o l u t i o n  b u t  l a r g e  amounts o f  
a v e ra g in g  o r  sm earing  o c c u r s  in  t h e  f re q u e n c y  dom ain. On
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t h e  o t h e r  hand , t h e  u s e  o f  t h e  n a rro w -b a n d  f i l t e r  r e s u l t s  
i n  s p e c t ro g ra m s  showing t h e  harm onic  s t r u c t u r e  o f  t h e  
sp e e c h  b u t  g l o t t a l  p u l s e s  in  t h e  t im e  domain a r e  l o s t .
I n  c h o o s in g  t h e  a n a l y s i s  t im e  window, t h e s e  two 
f a c t o r s  m ust be w eighed . As t h e  d u r a t i o n  o f  t h e  i n t e r v a l  
d e c r e a s e s  t o  m in im ize  t h e  a v e ra g in g  p e rfo rm ed  on t h e  c h a n g ­
in g  sp eech  s i g n a l ,  t h e  f re q u e n c y  r e s o l u t i o n  becomes l i m i t e d .  
However, t o  i n s u r e  good f re q u e n c y  r e s o l u t i o n ,  a  lo n g  t im e  
window i s  n e e d e d .  F o r  a n a ly s e s  which in t e n d  to  ig n o r e  i n ­
d i v i d u a l  g l o t t a l  p u l s e s ,  i t  has  been shown t h a t  a  s u c c e s s ­
f u l  compromise would be a t im e  window o f  2 to  3 p e r i o d s  
( 8  msec each )  in  l e n g t h ,  o r  a p p ro x im a te ly  24 m sec.
To r e d u c e  t h e  f re q u e n c y  sm earin g  p roduced  by t h e  
t im e  w indow ,'' t h e  u s e  o f  a  w e ig h te d  t im e  window i s  a d ­
v i s e d  (Blackm an and Tukey, 1 9 5 8 ) ,  r a t h e r  th a n  a  r e c t a n g u ­
l a r  t im e  window. M arkel and Gray (1976) s u g g e s t  t h e  u s e
"The problem  o f  f re q u e n c y  sm ea rin g  i s  i n h e r e n t  in  
F o u r i e r  a n a l y s i s  o f  any f i n i t e  t im e  i n t e r v a l .  U s in g  a  
r e c t a n g u l a r  window, t h e  s i g n a l  i s  a n a ly z e d  f o r  a  s p e c i f i c  
p e r i o d  o f  t im e ,  w h i le  e v e r y th in g  o c c u r in g  b e f o re  and a f t e r  
t h i s  p e r i o d  i s  ig n o re d .  The r e s u l t i n g  F o u r i e r  t r a n s f o r m  
i s  co n v o lv ed  w i th  t h e  sp ec tru m  o f  t h e  t im e  window in  t h e  
f re q u e n c y  domain, c h a r a c t e r i z e d  by s p u r io u s  peaks  known 
a s  s i d e l o b e s . U s in g  a  window su ch  as t h e  Hamming window 
re d u c e s  t h e  e f f e c t  o f  t h e s e  s i d e l o b e s .
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o f  windowing when a n a ly z in g  i n t e r v a l s  g r e a t e r  th a n  15 
m sec . An exam ple o f  such  a window i s  t h e  Hamming window, 
w hich  g iv e s  p r o g r e s s i v e l y  l e s s  w e ig h t  t o  t h e  waveform 
n e a r  t h e  edges  o f  t h e  window.
D i g i t a l  S peech  A n a ly s is
The u s e  o f  d i g i t a l  sp e e c h  a n a l y s i s  system s has  b e ­
come i n c r e a s i n g l y  p o p u la r  in  r e c e n t  y e a r s .  These p ro c e d ­
u r e s  a r e  c a p a b le  o f  v e ry  complex and f l e x i b l e  a n a ly s e s ,  r e ­
s u l t i n g  in  a c c u r a t e  r e p r e s e n t a t i o n s  o f  t h e  sp eech  s i g n a l .
T h e re  a r e  c e r t a i n  p r o c e d u r a l  c o n s t r a i n t s  i n  d i g i t a l  
p r o c e s s in g  w hich , when co u p le d  w i th  t h e  p r o p e r t i e s  o f  t h e  
sp eech  s i g n a l ,  may r e s u l t  in  i n a c c u r a t e  and m is le a d in g  
r e p r e s e n t a t i o n s .  Speech  sam ples  a r e  e n t e r e d  i n t o  a  com­
p u t e r  by means o f  an A/D c o n v e r s io n  o f  a  c o n t in u o u s  sp eech  
waveform . T h is  in v o lv e s  t h e  sam pling  o f  t h e  waveform a t  a  
p r e v i o u s l y  s p e c i f i e d  r a t e .  I t  has  been  shown t h a t  t h e  
h ig h - f r e q u e n c y  components o f  a  waveform can  a p p e a r  t o  be 
a low f r e q u e n c y  i f  t h e  sam pling  r a t e  i s  to o  low (B e rg la n d ,  
1969) . An example o f  t h i s  e f f e c t ,  known a s  a l i a s i n g ,  may 
be  seen  in  F ig u re  1. The p o s s i b i l i t y  o f  a l i a s i n g  can  be 
removed by u s in g  a  sam p lin g  r a t e  which i s  h ig h  enough so
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F i g .  1 . An exam ple o f  a l i a s i n g  e r r o r  r e s u l t i n g  
from a low sam pling  r a t e .
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t h a t  t h e  h i g h e s t  f r e q u e n c y  in  t h e  s ig n a l  would be sampled 
a t  l e a s t  tw ic e  d u r in g  each  c y c l e .  In  o t h e r  w ords, i t  i s  
n e c e s s a r y  t o  sample a t  a r a t e  in  e x c e s s  o f  tw ic e  t h e  band­
w id th  o f  t h e  s i g n a l .  I d e a l l y ,  f o r  sp eech  h av in g  s p e c t r a l  
com ponents a s  h ig h  a s  10 kHz, one whould sample a t  a  r a t e  
o f  a t  l e a s t  20 kHz.
An a d d i t i o n a l  d i g i t a l  p r o c e s s in g  c o n s t r a i n t  i s  r e ­
l a t e d  t o  t h e  q u a n t i z a t i o n  o f  t h e  s i g n a l .  I f  t h e  a c o u s t i c  
s i g n a l s  a r e  q u a n t i z e d  t o  l e s s  th a n  10 b i t s ,  t h e  r e s u l t i n g  
background  n o i s e  ( q u a n t i z a t i o n  n o i s e )  w i l l  l i k e l y  be aud­
i b l e .  T h e r e f o r e ,  t o  g u a rd  a g a i n s t  t h i s ,  12 to  16 b i t s  
(1200 t o  1600 l i n e a r l y - s p a c e d  l e v e l s )  s h o u ld  be u s e d .
D i g i t a l  sp e e c h  a n a l y s i s  t e c h n iq u e s ,  w i th  t h e s e  l i m i t ­
a t i o n s  in  mind, may th e n  be a p p l i e d  to  t h e  a n a l y s i s  o f  t h e  
sp e e c h  s i g n a l .  T h is  i s  acco m p lish e d  th ro u g h  t h e  u s e  o f  a  
model w hich  d e s c r i b e s  t h e  a c o u s t i c  o u tp u t  from t h e  sp eech  
p r o d u c t io n  mechanism. I f  t h e  a ssu m p tio n  i s  made t h a t  t h i s  
m odel, a s  p r e v i o u s l y  d e s c r ib e d ,  a c c u r a t e l y  r e p r e s e n t s  t h e  
sp eech  p r o c e s s ,  t h e  n e x t  s t e p  in  sp eech  a n a l y s i s  i s  t o  e s ­
t i m a t e  t h e  p a ra m e te rs  o f  t h e  model from t h e  sp eech  waveform.
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L in e a r  P r e d i c t i v e  Coding
R e c e n t ly ,  t e c h n iq u e s  u t i l i z i n g  l i n e a r  p r e d i c t i v e  
m a th e m a tic s  have been  a p p l i e d  d i r e c t l y  to  sp eech  a n a l y s i s  
( S a i t o  and I t a k u r a ,  1966; A ta l  and S c h ro e d e r ,  1967; M ark e l ,  
19 7 2 ) .  The l i n e a r  p r e d i c t a b i l i t y  o f  t h e  sp eech  wave i s  
t h e  c h a r a c t e r i s t i c  w hich  form s t h e  b a s i s  f o r  t h i s  a n a l y s i s  
p r o c e d u re .  The b a s i c  g o a l  i s  t o  r e p r e s e n t  t h e  sp e e c h  wave­
form d i r e c t l y  in  te rm s  o f  t h e  p a ra m e te r s  r e l a t e d  t o  t h e  
t r a n s f e r  f u n c t io n  o f  t h e  v o c a l  t r a c t  and t h e  c h a r a c t e r i s ­
t i c s  o f  t h e  g l o t t a l  s o u rc e .  Thus, t h e  l i n e a r  p r e d i c t i o n  
model i s  v e ry  u s e f u l  in  h e lp in g  to  s e p a r a t e  t h e s e  two 
com ponents f o r  a c c u r a t e  m easurem ents  o f  fo rm an t f re q u e n c y  
and fu n d a m e n ta l  f r e q u e n c y .
As p r e v i o u s l y  d e s c r ib e d ,  s h o r t - t e r m  s p e c t r a  o n ly  
a p p ro x im a te  t h e  s t r u c t u r e  o f  t h e  sp eech  s i g n a l .  T h is  i s  
due to  t h e  l i m i t a t i o n s  o f  t h e  d i g i t a l  p r o c e s s in g  t e c h n iq u e s  
and t h e  p e c u l i a r  n a t u r e  o f  t h e  in p u t  s i g n a l ,  s p e c i f i c a l l y  
i t s  q u a s i p e r i o d i c  n a t u r e  and t h e  p r e s e n c e  o f  t u r b u l e n c e  
i n  t h e  a i r  f lo w  (e v e n  d u r in g  v o ic e d  s o u n d s ) .  The r e s u l t i n g  
power s p e c t r a  have a  g r e a t  d e a l  o f  v a r i a b i l i t y ,  c h a r a c t e r ­
i z e d  by ja g g e d  power spec trum  r e p r e s e n t a t i o n s .  F ig u r e  2
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F i g .  2 .  Power sp ec tru m  o u tp u t  f o r  t h e  vowel /(k f 
u s in g  a 3 0 .7 2  msec t im e  window.
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shows a  t y p i c a l  power sp ec tru m  o u tp u t  f o r  a  30 .72  msec t im e  
window. Among i t s  o t h e r  a d v a n ta g e s ,  l i n e a r  p r e d i c t i v e  
co d in g  a p p e a r s  to  p r o v id e  a  good method o f  sm ooth ing  t h e  
sp eech  s p e c t r a  so as  to  s im p l i f y  t h e  p rob lem  o f  i d e n t i f y i n g  
fo rm a n ts .  The sm ooth ing  e f f e c t  may be se e n  in  F ig u r e  3 
w hich  shows t h e  same d a t a  as  c o n ta in e d  i n  t h e  t im e  window 
o f  F ig u re  2 a f t e r  h a v in g  been a n a ly z e d  by a l i n e a r  p r e d i c ­
t i o n  f i l t e r  h av in g  20 p r e d i c t o r  c o e f f i c i e n t s .
I n  t h e  l i n e a r  . p r e d i c t i o n  m odel, t h e  sp eech  s ig n a l  
i s  a n a ly z e d  by p r e d i c t i n g  t h e  p r e s e n t  sp e e c h  sample a s  a 
l i n e a r  co m b in a t io n  o f  t h e  p r e v io u s  s a m p le s .  The p r e d i c t e d  
sam ple i s  d e te rm in e d  from  t h e s e  p r e d i c t o r  c o e f f i c i e n t s .
T hese  p r e d i c t o r  c o e f f i c i e n t s  can  be u se d  t o  d e te rm in e  th e  
p a ra m e te r s  o f  t h e  sp e e c h  p r o d u c t io n  m odel.  In  o t h e r  w ords, 
t h e  c o e f f i c i e n t s  a r e  t h e  p a ra m e te r s  o f  a  d i g i t a l  f i l t e r  
( a  l i n e a r  f i l t e r  whose f i l t e r n i n g  o p e r a t i o n s  a r e  implemen­
t e d  by d i g i t a l  c o m p u te r ) . The c o e f f i c i e n t s ,  which a cco u n t  
f o r  t h e  f i l t e r i n g  a c t i o n  o f  t h e  v o c a l  t r a c t ,  l i p  r a d i a t i o n ,  
and g l o t t a l  f lo w , may be d e r iv e d  from t h e s e  p a ra m e te r s  when 
a p p l i e d  to  sp e e c h .  The number o f  c o e f f i c i e n t s  n eed ed  to  
s u c c e s s f u l l y  r e p r e s e n t  t h e  s p e e c h  segment i s  d e te rm in e d  by
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F i g .  3 . Spectrum  o f  vowel /<X/ a f t e r  a n a l y s i s  by 
a  l i n e a r  p r e d i c t i v e  f i l t e r  h a v in g  20 p r e d i c t o r  c o e f f i c i e n t s  
( 3 0 .7 2  msec t im e  window).
TIRE = 1351.68 nSEC' RMS = Z716. (SIGNAL)
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t h e  number o f  r e s o n a n c e s  ( p o l e s )  and a n t i r e s o n a n c e s  
( z e r o s )  o f  t h e  v o c a l  t r a c t  in  t h e  ra n g e  o f  f r e q u e n c ie s  
b e in g  o b s e rv e d ,  in  a d d i t i o n  t o  t h e  g l o t t a l  p u l s e  s o u rc e  
and t h e  r a d i a t i o n  c h a r a c t e r i s t i c s .
I n  g e n e r a l ,  o n ly  a few p o le s  a r e  needed  t o  a p p ro x ­
im a te  t h e  sp e c tru m . Thus, t h e  number o f  p o le  p a i r s ,  w i th  
a few e x c e p t io n s ,  s h o u ld  e q u a l  t h e  number o f  fo rm a n ts  in  
t h e  s p e c t r u m / ’’ The n o t a b l e  e x c e p t io n s  t o  t h i s  r u l e  a r e i  
( i )  when t h e  lo w e s t  fo rm an t  in  f re q u e n c y  i s  n e a r  t h e  fu n d a ­
m e n ta l  f re q u e n c y ,  and ( i i )  when two fo rm a n ts  l i e  c l o s e  to  
one a n o th e r  on t h e  f re q u e n c y  s c a l e .
The r e s u l t i n g  a l l - p o l e  f i l t e r ,  o r  a l l - z e r o  " i n ­
v e r s e  f i l t e r "  (M a rk e l ,  1971), sh o u ld  r e p r e s e n t  t h e  smooth 
s p e c t r a l  c h a r a c t e r i s t i c s  o f  t h e  sp eech  sp e c tru m . N ote 
t h a t  l i n e a r  p r e d i c t i v e  co d in g  i s  b ased  on t h e  u s e  o f  an 
a l l - p o l e  a p p ro x im a tio n ;  i . e . ,  i t  assum es t h a t  t h e  sp eech  
s i g n a l  c o n s i s t s  o n ly  o f  r e s o n a n c e s .  T h is  i s  a d e q u a te  f o r  
p u rp o se s  o f  a p p ro x im a tin g  a  power f re q u e n c y  sp ec tru m , b u t
'Two p a ra m e te r s  a r e  needed  t o  s p e c i f y  each  r e s o n ­
an c e  o r  fo rm a n t ,  e . g . ,  e i t h e r  a  p o le  p a i r ,  o r  two p r e d i c ­
t o r  c o e f f i c i e n t s .
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r a i s e s  p ro b lem s f o r  p ro v id in g  an a c c u r a t e  model ( o r  d e s ­
c r i p t i o n )  o f  t h e  sp e e c h  mechanism, s in c e  sp eech  so u n d s ,  
su ch  as  n a s a l s ,  do have  s t r o n g  a n t i r e s o n a n c e s .
I t  a p p e a r s  t h a t  by s e l e c t i n g  t h e  a n a l y s i s  c o n d i ­
t i o n s  c o r r e c t l y ,  t h e  o u tp u t  o f  t h e  l i n e a r  p r e d i c t o r  model 
( o r  i n v e r s e  f i l t e r )  w i l l  r e p r e s e n t  t h e  e s t im a te d  sp ec tru m  
o f  t h e  v o c a l  t r a c t  r e s p o n s e .  L in e a r  p r e d i c t i o n  can  r e s u l t  
i n  a l i n e a r ,  a l l - p o l e  model o f  sp eech  p r o d u c t io n  by d e t e r ­
m in ing  a  sm a ll  number o f  p a r a m e te r s  d i r e c t l y  from t h e  
sp eech  waveform . S in c e  th e  model sp ec tru m  i s  a  r e p r e s e n ­
t a t i o n  o f  t h e  smoothed d a ta  apec trum , fo rm a n t  f re q u e n c y  mea­
su re m e n ts  can  be made s im ply  be peak  p i c k i n g .  T hese  f o r ­
mant e s t i m a t e s  have been  shown t o  be r e a s o n a b ly  a c c u r a t e  
when com pared t o  o t h e r  t e c h n iq u e s ,  such  a s  s p e c t r o g r a p h ic  
a n a l y s i s  o r  c e p s t r a l  a n a l y s i s  (M arkel and Gray, 1 9 7 6 ) .  The 
r e l i a b i l i t y  o f  o t h e r  m easu rem en ts ,  such  a s  fu n d am en ta l  f r e ­
quency , have  been e v a lu a t e d  by making e s t i m a t e s  o f  s y n t h e t i c  
sp eech  w i th  p r e d e te rm in e d  v a l u e s .  The r e s u l t s  i n d i c a t e d  
t h a t  t h e  e s t i m a t e s  w ere  a c c u r a t e  to  w i t h i n  1 t o  2% o f  t h e  
a c t u a l  v a lu e s  ( L e v i t t ,  1971). However, t h e  a c c u ra c y  o f  
t h e s e  m ethods as a p p l i e d  t o  r e a l  sp eech  i s  unknown.
CONCLUSIONS
A re v ie w  o f  t h e  l i t e r a t u r e  on sp e e c h  p e r c e p t i o n  
by n o r m a l- h e a r in g  l i s t e n e r s  h a s  shown t h e  im p o r ta n c e  o f  
a c o u s t i c  c h a r a c t e r i s t i c s  f o r  i d e n t i f i c a t i o n  and d i s c r i m i ­
n a t i o n  o f  t h e  v a r io u s  sp eech  so u n d s .  One problem  encoun­
t e r e d  w i t h  a m a j o r i t y  o f  t h e s e  s t u d i e s ,  however, i s  t h e  
w id e s p re a d  u s e  o f  s y n t h e t i c  sp e e c h  s t i m u l i  c o n t a i n i n g  a 
minimum o f  c u es  w hich may n o t  a c c u r a t e l y  r e p r e s e n t  t h e  
m u l t i d i m e n s i o n a l i t y  o f  t h e  s t i m u l i .  I n  a d d i t i o n ,  t h e  e f ­
f i c i e n c y  o f  t h e  a u d i t o r y  system  h a s ,  f o r  t h e  m ost p a r t ,  
been  o v e r lo o k e d .  C om prehensive  a n a ly s e s  o f  c o n f u s io n  ma­
t r i c e s  h av e ,  th u s  f a r ,  in c lu d e d  o n ly  co m p ar iso n s  o f  c e r ­
t a i n  g ro u p s  o f  phonemes ( f r i c a t i v e s  w i th  f r i c a t i v e s ,  p l o ­
s i v e s  w i t h  p l o s i v e s ) . T here  i s  n o t ,  a s  y e t ,  a  p r e d i c t i v e  
model w hich  c o u ld  be u s e d  to  p r e d i c t  t h e  f u l l  c o n f u s io n  
m a t r i x  u n d e r  d i f f e r e n t  l i s t e n i n g  c o n d i t i o n s .
The v a r i o u s  f a c t o r s  a f f e c t i n g  o v e r a l l  s p e e c h  i n ­
t e l l i g i b i l i t y  have a l s o  been d e s c r i b e d ,  w i th  a  g r e a t  d e a l  
o f  a t t e n t i o n  p la c e d  on t h e  e f f e c t s  o f  f i l t e r i n g  and  a d d i ­
t i v e  n o i s e .  C o m p u ta t io n a l  p ro c e d u re s  su ch  a s  t h e  A r t i c u ­
l a t i o n  In d e x ,  and t h e  u s e  o f  s p e e c h -e n v e lo p e  n o i s e  have
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em phasized  t h e  s i g n i f i c a n c e  o f  s p e e c h - t o - n o i s e  r a t i o  mea­
su re m e n ts  i n  a s s e s s i n g  t h e  s p e e c h - i n t e r f e r i n g  c h a r a c t e r ­
i s t i c s  o f  n o i s e .
A number o f  s t u d i e s  have  a t t e m p te d  to  q u a n t i f y  t h e  
e f f e c t s  o f  n o i s e  on c o n so n a n t  and vowel i n t e l l i g i b i l i t y  by 
e s t i m a t i n g  t h e  im p o r ta n c e  o f  s o - c a l l e d  a r t i c u l a t o r y  o r  
p h o n o lo g ic a l  f e a t u r e s . A re v ie w  o f  t h i s  r e s e a r c h  u n c o v e rs  
s i g n i f i c a n t  d i f f e r e n c e s  betw een  s t u d i e s  a s  to  t h e  r e l a t i v e  
im p o r ta n c e  o f  t h e s e  f e a t u r e s .  Lack o f  ag reem ent h a s  been 
shown f o r  such  b a s ic  m easurem ents  as  t h e  r e l a t i v e  i n t e l l i ­
g i b i l i t y  o f  v o ic e d  v s .  v o i c e l e s s  phonemes, and s y l l a b l e -  
i n i t i a l  v s .  s y l l a b l e - f i n a l  c o n s o n a n ts .  S i g n i f i c a n t  e f f e c t s  
o f  b ackground  n o i s e  s p e c t r a  have  been shown. The l a c k  o f  
in d ep en d en ce  o f  t h e  f e a t u r e s  and t h e  d i f f e r e n t i a l  e f f e c t s  
o f  n o i s e  on t h e i r  im p o r ta n c e  makes i t  d i f f i c u l t  t o  d e t e r ­
m ine t h e  s i g n i f i c a n c e  o f  t h e s e  a n a l y s e s .
Many r e c e n t  i n v e s t i g a t i o n s  w i th  h e a r in g - im p a i r e d  
l i s t e n e r s  h av e ,  f o r  t h e  most p a r t ,  been  b a se d  on a  s i m p l i ­
f i e d  model o f  t h e  e f f e c t s  o f  h e a r in g  im p a irm en t .  T h is  
d e s c r i p t i o n ,  in  w hich h e a r in g  l o s s  i s  th o u g h t  t o  a c t  a s  a  
f i l t e r ,  f a i l s  to  t a k e  i n t o  a c c o u n t  t h e  s i g n i f i c a n t  d i s t o r -
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t i o n  e f f e c t s  w hich h av e  been shown to  be p r e s e n t  i n  t h e  
a u d i t o r y  system  o f  t h e s e  l i s t e n e r s .
I n  c o n c lu s io n ,  t h e  r e v ie w  o f  t h e  l i t e r a t u r e  r e ­
v e a l s  t h a t  t h e r e  i s  a  need  f o r  f u r t h e r  i n v e s t i g a t i o n  o f  
t h e  a c o u s t i c a l  f a c t o r s  in v o lv e d  in  phoneme r e c e p t i o n .  A 
d e t a i l e d  a c o u s t i c a l  a n a l y s i s  o f  t h e  s p e e c h  s ig n a l  and a 
p r e c i s e  m easurem ent o f  s p e e c h - t o - n o i s e  r a t i o  may be o b ­
t a i n e d  th ro u g h  t h e  u s e  o f  d i g i t a l  sp e e c h  p r o c e s s in g  t e c h ­
n iq u e s  d e s c r ib e d  h e r e i n .  From t h e s e  m easurem ents , p r e ­
d i c t i o n s  c o u ld  be made a s  to  t h e  t y p e s  o f  c o n fu s io n s  one 
would e x p e c t  in  v a r i o u s  n o i s e  c o n d i t i o n s .
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CHAPTER I I I  
EXPERIMENTAL PROCEDURES
The p r im a ry  p u rp o se  o f  t h i s  i n v e s t i g a t i o n  was to  
a t t e m p t  to  p r e d i c t  from a c o u s t i c a l  m easu rem en ts ,  t h e  p a t ­
t e r n  o f  p e r c e p t u a l  c o n f u s io n s  made u n d e r  d i f f i c u l t  l i s t e n ­
in g  c o n d i t i o n s  ( e . g . ,  a g a i n s t  a n o i s y  b a c k g ro u n d ) .  The 
p r o c e d u re s  u sed  t o  a c c o m p lish  t h i s  c o n s i s t e d  o f  t h e  s e l e c ­
t i o n  o f  a  s e t  o f  sp e e c h  s t i m u l i  and l i s t e n i n g  c o n d i t i o n s ;  
t h e  c o m p i la t io n  o f  n o rm a tiv e  d a t a ,  i n c l u d i n g  c o n fu s io n  
m a t r i c e s ,  w i th  t h e s e  s t i m u l i ;  and t h e  m easurem ent o f  s e l e c ­
t e d  a c o u s t i c a l  p a r a m e te r s .
T h is  c h a p te r  h a s  been d iv id e d  i n t o  two m a jo r  s e c ­
t i o n s .  F i r s t ,  t h e  s u b j e c t s  u s e d  in  t h e  l i s t e n i n g  e x p e r i ­
ment a r e  d e s c r ib e d  and t h e  m a t e r i a l s  and a p p a r a tu s  u s e d  in  
b o th  t h e  l i s t e n i n g  e x p e r im e n t  and  s u b se q u e n t  a c o u s t i c a l  
a n a ly s e s  a r e  d e l i n e a t e d .  The second  s e c t i o n  c o n t a i n s  ( i )  
a  d e s c r i p t i o n  o f  t h e  e x p e r im e n ta l  d e s ig n  o f  t h e  l i s t e n i n g  
e x p e r im e n t ,  ( i i )  a  d e s c r i p t i o n  o f  t h e  p ro c e d u re s  u s e d  to  
o b t a i n  t h e  c o m p u te r -g e n e ra te d  s p e c t r a  o f  t h e  sp e e c h  and 
n o i s e  s t i m u l i ,  and ( i i i )  a  d e s c r i p t i o n  o f  t h e  t e c h n iq u e s  
u s e d  in  o b t a i n i n g  t h e  a c o u s t i c a l  m easu rem en ts .
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SUBJECTS
The s u b j e c t s  w ere  2 m a le s  and 4 fem a le s  r a n g in g  in  
age  from 23 t o  28 y e a r s .  A l l  s u b j e c t s  had h e a r in g  t h r e s h ­
o l d s ,  f o r  e ach  e a r ,  w i t h i n  10 dB o f  s t a n d a r d  ze ro  r e f e r e n c e  
l e v e l s  (ANSI, 1969) f o r  o c ta v e  p u re  t o n e s  betw een 250 and 
8000 Hz. A l l  s u b j e c t s  were f a m i l i a r  w i th  t h e  ty p e  o f  
s t i m u l i  and fo rm at u s e d  in  t h e  l i s t e n i n g  e x p e r im e n t .
TEST MATERIALS
NONSENSE SYLLABLES
F o r  t h e  p u rp o se  o f  t h i s  s tu d y ,  i t  was n e c e s s a r y  to  
h av e  a s e t  o f  speech  s t i m u l i  w h ich  would a l lo w  f o r  a  d e ­
t a i l e d  a n a l y s i s  o f  p a t t e r n s  o f  c o n so n an t  c o n fu s io n s  made 
by n o rm a l- h e a r in g  s u b j e c t s  u n d e r  d i f f i c u l t  l i s t e n i n g  co n ­
d i t i o n s .  The N onsense S y l l a b l e  T e s t ,  d ev e lo p ed  by R e sn ic k ,  
Dubno, H offnung, and L e v i t t  ( 1 9 7 5 ) ,  was chosen  as  t h e  b a s i c  
t e s t  in s t r u m e n t  f o r  t h e  fo l lo w in g  rea so n s*  ( i )  t h e  t e s t  was 
d e s ig n e d  t o  in c lu d e  a l l  o f  t h e  m ajo r  c o n so n a n ts  o f  E n g l i s h .  
I t  was s t r u c t u r e d  u s in g  a  c l o s e d - r e s p o n s e - s e t  fo rm a t  such  
t h a t  n e a r l y  a l l  o f  t h e  most common p e r c e p t u a l  c o n fu s io n s  
a r e  a v a i l a b l e  c h o ic e s  f o r  t h e  l i s t e n e r }  ( i i )  t h e  s i z e  o f
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ea c h  r e s p o n s e  s e t  was n o t  u n w ie ld y ,  t h e r e  b e in g  be tw een  7 
and 9 f o i l s  f o r  each  s u b t e s t ;  and ( i i i )  t h e  s u b t e s t s  co n ­
t a i n  a  h ig h  p r o p o r t i o n  o f  sounds which a r e  known t o  be d i f ­
f i c u l t  f o r  t h e  h e a r in g - im p a i r e d  l i s t e n e r  ( o r  h e a r i n g - a i d  
u s e r ) , a  c h a r a c t e r i s t i c  w hich may be im p o r ta n t  f o r  l a t e r  
a n a l y s i s  w i th  t h e s e  two g ro u p s .  I n  a d d i t i o n ,  h ig h  q u a l i t y  
r e c o r d i n g s  o f  t h e  t e s t  w ere a v a i l a b l e  f o r  im m ediate  u s e .
The N onsense S y l l a b l e  T e s t  (NST) h as  a  m o d u la r  f o r ­
mat in  t h a t  i t  i s  made up o f  a  s e t  o f  i n t e r c h a n g e a b l e  su b ­
t e s t s .  Seven o f  t h e s e  s u b t e s t s  w ere u se d  i n  a  m a jo r  o n ­
g o in g  s tu d y  ( L e v i t t ,  C o l l i n s ,  Dubno, R e s n ic k ,  and W hite , 
1 9 7 8 ) .  T h is  i s  t h e  m ost commonly u sed  v e r s i o n  o f  t h e  NST 
and i s  r e f e r r e d  to  a s  t h e  b a s i c  NST. F o r  t h i s  s tu d y ,  d a ta  
w ere  a l s o  c o l l e c t e d  on an a d d i t i o n a l  4 s u b t e s t s .  These  
s u b t e s t s  a r e  r e f e r r e d  t o  a s  t h e  O p t io n a l  S u b t e s t s  (OST).
The s u b t e s t s  o f  t h e  NST (7  b a s i c  and 4 o p t i o n a l )  
c o n s i s t  o f  co n so n an t-v o w e l (CV) and v o w e l-c o n so n e n t  (VC) 
n o n se n se  s y l l a b l e s  o rg a n iz e d  i n t o  s e t s  o f  7 to  9 s y l l a b l e s  
e a c h .  The 11 s u b t e s t s  d i f f e r  i n  te rm s  o f  t h r e e  f a c t o r s :
( i )  c l a s s  o f  c o n so n a n t  ( v o ic e d  o r  v o i c e l e s s ) ,  ( i i )  p o s i ­
t i o n  o f  c o n so n a n t  ( i n i t i a l  o r  f i n a l ) ,  and ( i i i )  vowel co n ­
t e x t  (/CL/ ,  / i / ,  o r  / u / )  . L i s t e n e r  r e s p o n s e s  ( i . e . ,  t h e  
r e s p o n s e  f o i l s )  a r e  l i m i t e d  t o  s y l l a b l e s  w i t h i n  t h e  same 
s u b t e s t .  Each s u b t e s t  c o n t a i n s  one r e p e a t  i te m . The r e s ­
p onse  f o i l s  w ere ch o sen  so a s  to  l i m i t  t h e  r e s p o n s e  s e t  a s  
l i t t l e  as  p o s s i b l e ,  b u t  s t i l l  be o f  m anageab le  s i z e .  Thus, 
t h e  r e s p o n s e  f o i l s  w ere  s e l e c t e d  so a s  to  in c lu d e  t h e  p e r ­
c e p t u a l  c o n f u s io n s  w hich  o c c u r  most f r e q u e n t l y .  P e r c e p ­
t u a l  c o n f u s io n s  in v o lv in g  a  v o i c i n g  e r r o r  a r e  among th e  
l e a s t  common f o r  h e a r in g - im p a i r e d  l i s t e n e r s  and h e n c e  th e  
r e s p o n s e  f o i l s  w ere l i m i t e d  to  c o n s o n a n ts  h av in g  t h e  same 
v o ic in g  f e a t u r e  ( i . e . ,  v o ic e d  o r  v o i c e l e s s ) .  T h is  l i m i t a ­
t i o n ,  w hich  was a  p r a c t i c a l  com promise, l e d  t o  r e s p o n s e  
s e t s  o f  m anageab le  s i z e  y e t  a l lo w e d  f o r  e r r o r s  o f  a l l  k in d s  
( e x c e p t  t h o s e  in v o lv in g  v o i c i n g ) .
F ig u r e  4 p r o v id e s  a  l i s t  o f  t h e  r e s p o n s e  s e t s  u se d  
in  each  s u b t e s t .  S u b t e s t s  1, 2, and 3 c o n t a i n  f i n a l  v o i c e ­
l e s s  c o n s o n a n ts  in  t h e  t h r e e  vowel c o n t e x t s .  S u b t e s t s  5,
8, and 9 c o n t a i n  i n i t i a l  v o i c e l e s s  c o n s o n a n ts  w i th  t h e  t h r e e  
v o w e ls .  F i n a l  v o ic e d  c o n s o n a n ts  w i th  /Q / ,  / i / ,  and / u /  a r e  
r e p r e s e n t e d  in  s u b t e s t s  4 , 10, and 11. S u b t e s t s  6 and 7 
c o n t a i n  i n i t i a l  v o ic e d  c o n s o n a n ts  in  t h e  /a /  c o n t e x t  o n ly .
77
F i g .  4 .  The t e s t  i te m s  making up t h e  
t e s t s  o f  n o n se n se  s y l l a b l e s .
su b -
1 2 3 4 5 6
af u6 i f ab fa la
aJ up if ad ta ba
at us it ad pa da
ak uk ik am ha ga
as ut is az 0a ra
ap uf i8 ag i o j a
a0 “f ip an s a dja
ag la wa
av ka
7 8 9 10 II
na pu 0i iz ug
va Pi ib uz
ma tu Ji id un
za fu ki im uv
ga su hi in ud
ba hu iv ub
da 0u si ig um
da t i in ud




Two s u b t e s t s  were n eed ed  in  o r d e r  to  in c lu d e  t h e  sem ivow els  
and th e  i n i t i a l  / r / t w i t h i n  r e s p o n s e  s e t s  o f  p r a c t i c a l  s i z e .  
The 11 s u b t e s t s  th u s  p ro v id e d  r e a s o n a b ly  co m p reh en s iv e  c o v ­
e r a g e  o f  t h e  f a c t o r s  c o n s id e r e d ,  v o i c i n g ,  c o n so n a n t  p o s i t i o n ,  
and vowel e n v iro n m e n t.  The m a jo r  l i m i t a t i o n s  a r e  t h a t  i n i ­
t i a l  v o ic e d  c o n so n a n ts  were s p l i t  i n t o  two s u b t e s t s  and 
v o ic e d  CV's w i th  / i /  and / u /  w ere  n o t  i n c lu d e d .
I n  t h e  r e c o rd e d  v e r s i o n  o f  t h e  t e s t ,  t h e  s y l l a b l e s
a r e  p r e s e n t e d  in  t h e  c a r r i e r  p h r a s e  "You w i l l  mark _______ ,
p l e a s e " .  The t e s t  l i s t s  were r e c o rd e d  by b o th  a  m ale  and 
fe m a le  s p e a k e r .
BACKGROUND NOISE
A sam ple o f  background  n o i s e  was r e c o rd e d  by 
L e v i t t ,  e t  a l .  (1978) f o r  u s e  w i th  t h e  NST. The r e c o r d ­
in g  was made in  a  l a r g e ,  c a r p e t e d  c a f e t e r i a ,  e d i t e d  t o  
remove t r a n s i e n t s  and i n t e l l i g i b l e  c o n v e r s a t i o n ,  and e q u a l ­
i z e d  f o r  l e v e l .  T h is  com peting  n o i s e  was th e n  dubbed o n to  
t h e  second  t r a c k  o f  a l l  n o n se n se  s y l l a b l e  t e s t  t a p e s .  A 
d e t a i l e d  d e s c r i p t i o n  o f  t h e  r e c o r d i n g ,  e d i t i n g ,  and e q u a l ­
i z i n g  p r o c e d u r e s ,  in c lu d in g  t h e  p r e p a r a t i o n  o f  t e s t  t a p e s  
f o r  b o th  t h e  n o n sen se  s y l l a b l e s  and t h e  background  n o i s e ,
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i s  g iv e n  i n  t h e  n e x t  s e c t i o n .
PREPARATION OF ORIGINAL RECORDINGS
N onsense  S y l l a b l e s
The 11 s e t s  o f  n o n se n se  s y l l a b l e s  were r e c o r d e d  by 
a  m ale  and fem a le  s p e a k e r ,  b o th  o f  whom w ere ju d g ed  by a 
s k i l l e d  d i a l e c t i c i a n  t o  have no marked r e g i o n a l  a c c e n t s .
The o r i g i n a l  r e c o r d in g s  w ere made by L e v i t t ,  e t  a l . (1978) 
i n  a  d o u b le - w a l le d  s o u n d - a t t e n u a t i n g  b o o th  ( I n d u s t r i a l  Ac­
o u s t i c s  C o r p o r a t i o n ) . M easurem ents  o f  o c ta v e -b a n d  n o i s e  
l e v e l  r e v e a l e d  l e v e l s  o f  background  n o i s e  t o  be l e s s  th a n  
15 dB SPL betw een  250 and 8000 Hz, and 25 dB SPL i n  t h e  125 
Hz b an d . A m icrophone  (AKG Model D202E) was p la c e d  on a 
c o v e re d  t a b l e  s i t u a t e d  i n  t h e  c e n t e r  o f  t h e  room and p o s i ­
t i o n e d  a p p ro x im a te ly  5 in c h e s  below  and 12 in c h e s  i n  f r o n t  
o f  t h e  s p e a k e r ' s  l i p s .  The f re q u e n c y  r e s p o n s e  o f  t h e  m ic ro ­
phone i s  shown in  F ig u r e  5 .  A sound l e v e l  m e te r  ( B r u e l  6c 
K ja e r  Model 2203) was p la c e d  b e h in d  t h e  m icrophone and was 
u se d  by t h e  s p e a k e rs  t o  m o n i to r  ex trem e v a r i a t i o n s  i n  l e v e l ,  
d u r in g  b o th  t h e  r e h e r s a l  and r e c o r d in g  s e s s i o n s .  The t a p e  
r e c o r d e r  (N ag ra  Model IVS) was ru n  a t  15 in c h e s / s e c o n d  w i th
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S c o tc h  t y p e  206 a u d io  t a p e .
Background N o ise
The o r i g i n a l  sam ple o f  background  n o i s e  was p r o ­
duced  in  a  l a r g e ,  crowded c a f e t e r i a  room w hich  had  h a rd  
w a l l s  and c a r p e t e d  f l o o r s .  The r e c o r d i n g  was made u s in g  
t h e  i d e n t i c a l  m icrophone  and t a p e  r e c o r d e r  a s  in  t h e  n o n ­
s e n s e  s y l l a b l e  r e c o r d i n g s .  The r e s u l t  was a  20 m in u te  
sam ple  w hich  was t o  be e d i t e d  a t  a  l a t e r  t im e .
MEASUREMENT OF SPEECH AND NOISE LEVELS
N onsense  S y l l a b l e s
A l l  t a p e s  w ere  check ed  by L e v i t t ,  e t  a l . (1 9 7 8 )  by 
making g r a p h ic  l e v e l  r e c o r d i n g s  (B r u e l  Sc K ja e r ,  G ra p h ic  
L e v e l  R e c o rd e r  Model 23 0 5 ) ,  w h ich  w ere  u s e d  t o  m easu re  
sp e e c h  p e a k s . The in s t r u m e n t  was a d j u s t e d  t o  a  pen  speed  
o f  100 mm/sec ( o r  a p p ro x im a te ly  50 d B / s e c ) ,  and a p a p e r  
sp eed  o f  10 mm/sec. The in p u t  s i g n a l  and l e v e l  r e c o r d e r  a t ­
t e n u a t o r s  w ere  s e t  f o r  a  maximum pen e x c u r s io n  o f  20 mm.
W ith  t h o s e  s e t t i n g s ,  t h e  t r a c i n g s  c o n ta in e d  peaks  w hich  
w ere  w i t h i n  10-20 dB above t h e  z e ro  l i n e .
The s y l l a b l e s  a p p e a r  w i t h i n  t h e  c a r r i e r  p h r a s e
"You w i l l  mark. _______, p l e a s e " .  I t  was d e c id e d  t h a t  mea­
su re m e n ts  w ere  t o  be  made w hich  would p e r m i t  e q u a l i z a t i o n  
o f  t h e  peak  l e v e l s  o f  t h e  word "mark" f o r  each  s y l l a b l e .
The t a p e  was th e n  c o p ie d  u s in g  s e l e c t i v e  a t t e n u a t i o n  so 
t h a t  t h e  l e v e l  o f  e a c h  "mark" would be t h e  same th ro u g h o u t  
t h e  t a p e .  N ote  t h a t  t h e  l e v e l  o f  t h e  t e s t  s y l l a b l e  v a r i e d  
o v e r  a  m ark ed ly  w ide r a n g e ,  a s  would be t h e  c a s e  i n  a c t u a l  
s p e e c h .  A 400 Hz c a l i b r a t i o n  to n e  was t h e n  r e c o rd e d  a t  t h e  
l e v e l  w h ich  c o r re s p o n d e d  to  t h e  a v e ra g e  e q u a l i z e d  p eaks  o f  
t h e  word "m a rk " . The r e c o r d in g  was th e n  re c h e c k e d  a u r a l l y  
and  a  f i n a l  g r a p h ic  l e v e l  r e c o r d i n g  p ro d u ced  t o  a s s u r e  
t h a t  t h e  "mark" l e v e l s  were e q u a l  ( w i t h i n  - 1 .5  d B ) . The 
r e c o r d i n g s  made in  t h i s  way, and p ro v id e d  th e y  s a t i s f i e d  
b o th  o f  t h e  above c h e c k s ,  became t h e  m a s te r  r e c o r d i n g s  o f  
t h e  n o n se n se  s y l l a b l e s .
Background N o ise
E d i t i n g  o f  t h e  n o i s e  t a p e  was n e c e s s a r y  p r i o r  to  
m easurem ent o f  n o i s e  l e v e l .  F i r s t ,  a l l  t r a n s i e n t s  and 
p o r t i o n s  o f  i n t e l l i g i b l e  c o n v e r s a t i o n  w ere  s p l i c e d  o u t .  
A f t e r  a  g r a p h ic  l e v e l  r e c o r d in g  was made, a l l  s e c t i o n s  o f  
t a p e  c o n t a i n i n g  p eaks  more t h a n  3 dB g r e a t e r  th a n  t h e  mean
l e v e l  were removed. The t a p e  was checked  a u r a l l y  t o  make 
c e r t a i n  t h a t  t h e  s p l i c e s  w ere n o t  a u d i b l e  and d id  n o t  d i s ­
t u r b  t h e  c o n t in u o u s  n a t u r e  o f  t h e  n o i s e .  A f i n a l  2 m in u te  
t a p e  was p roduced  w i th  v a r i a t i o n s  in  l e v e l  w hich d id  n o t  
exceed  - 1 .5  dB. A t a p e  lo o p  was p r e p a re d  so t h a t  a  lo n g e r  
m a s te r  n o i s e  t a p e  c o u ld  be p ro d u c e d .  A 400 Hz c a l i b r a t i o n  
to n e  was added  to  t h e  n o i s e  t a p e ,  i t s  l e v e l  equa l to  t h e  
a v e ra g e  RMS l e v e l  o f  t h e  n o i s e .  As i n  t h e  n o n se n se  s y l l a b l e  
t a p e ,  t h e  f i n a l  m a s te r  t a p e  ( w i t h  c a l i b r a t i o n  to n e )  was 
th e n  checked  a u r a l l y ,  and a  g r a p h ic  l e v e l  r e c o r d in g  p r o ­
duced a s  a  f i n a l  ch eck  on a v e ra g e  l e v e l s .
PREPARATION OF TAPES
L i s t e n i n g  E xperim en t Tapes
The o r i g i n a l  m a s te r  r e c o r d i n g s  o f  L e v i t t ,  e t  a l .  
(1978) w ere  p roduced  so t h a t  v a r io u s  p r o t o c o l s  ( o r d e r i n g s )  
c o u ld  be p r e p a r e d .  T h e re  a r e  8 m ale and 8 fem ale  p r o t o ­
c o l s  o f  t h e  7 s u b t e s t s  making up t h e  b a s i c  NST, and 6 m ale 
and 6 fe m a le  o r d e r i n g s  o f  t h e  4 o p t i o n a l  s u b t e s t s .  The 
f i n a l  p r o t o c o l s  w ere a  r e s u l t  o f  two in d e p e n d e n t  ran d o m i­
z a t i o n s .  F i r s t ,  t h e  s u b t e s t  o r d e r  was rand o m ized . (F o r
t h e  b a s i c  NST, 7 s u b t e s t s  w ere r a n d o m iz e d ) . I n  a d d i t i o n ,  
t h e  o r d e r  o f  p r e s e n t a t i o n  o f  s y l l a b l e s  w i t h i n  each  s u b t e s t  
was ra n d o m iz e d .  The dubb in g s  n e c e s s a r y  t o  p roduce  t h e s e  
p r o t o c o l s  w ere  p r e p a re d  on one o f  f o u r  m atched  t a p e  r e ­
c o r d e r s  ( tw o  Ampex Model 500, Ampex Model 440B, N agra  Model 
IV S ) . I n  a d d i t i o n ,  s u b t e s t  i d e n t i f i e r s  ( " p a g e  on e , page 
t w o " e t c . )  w ere r e c o r d e d  and d u p l i c a t e d ,  a s  w e l l  a s  s u f ­
f i c i e n t  d u r a t i o n s  o f  t a p e  c o n t a i n i n g  t h e  c a l i b r a t i o n  t o n e s .  
A sp eech  sam ple  (u s e d  f o r  s e t t i n g  m ost c o m f o r ta b le  lo u d n e s s ,  
i f  needed) was p r e p a re d  f o r  i n s e r t i o n  a f t e r  t h e  c a l i b r a t i o n  
to n e  and b e f o r e  t h e  b e g in n in g  o f  t h e  p r o t o c o l .  T h is  s e g ­
m ent was n o t  u se d  in  t h e  c o l l e c t i o n  o f  t h e  d a t a  f o r  t h e  
p r e s e n t  s tu d y .
The s u b t e s t s  w ere  p r e p a r e d  in  t h e  fo l lo w in g  m anner. 
The p h r a s e s  w ere s p l i c e d  and a r r a n g e d  i n  t h e i r  p r e d e t e r ­
m ined o r d e r ,  s e p a r a t e d  by 5 seco n d s  o f  t im in g  t a p e ,  w i th  
t h e  a p p r o p r i a t e  i d e n t i f i e r  a t  t h e  b e g in n in g  o f  ea c h  su b ­
t e s t .  The s u b t e s t s  w ere  th e n  a r ra n g e d  in  t h e i r  a s s ig n e d
* The s u b t e s t s  w ere  i d e n t i f i e d  i n  t h i s  way s in c e  
t h e  l i s t e n e r  u se d  a r e s p o n s e  b o o k le t  w here  each  page  c o r ­
re sp o n d e d  t o  one s u b t e s t .
o r d e r  and s p l i c e d  t o g e t h e r  t o  form t h e  p r o t o c o l .  The 
c a l i b r a t i o n  to n e  and sp eech  sam ple  segm ents  were th e n  
added t o  t h e  s t a r t  o f  t h e  t a p e .  These r e c o r d in g s  o f  t h e  
16 p r o t o c o l s  w ere t h e n  dubbed a g a in  w i th  t h e  a d d i t i o n  o f  
t h e  b ackground  n o i s e  t o  t h e  second  t r a c k  o f  t h e  t a p e .  The 
16 dubbed r e c o r d in g s  ( w i th  t h e  added n o i s e  on t h e  lo w er  
t r a c k )  a r e  r e f e r r e d  t o  a s  s u b m a s t e r s . B ecause  e ach  o f  
t h e s e  16 s u b m a s te r s  c o n t a i n s  a d i f f e r e n t  o r d e r i n g ,  each  
s y l l a b l e  i s  h e a rd  in  a d i f f e r e n t  n o i s e  c o n t e x t .  The 16 
su b m a s te r s  w ere th e n  dubbed to  p ro d u ce  16 t e s t  t a p e s . each  
o f  w hich  was c a r e f u l l y  s c re e n e d  a u r a l l y  and by g r a p h ic  
l e v e l  r e c o r d i n g  b e f o r e  u s e .  Only t h e  t e s t  t a p e s  w ere  u se d  
i n  t h e  su b se q u e n t  e x p e r im e n ta l  w ork. The su b m a s te rs  a r e  
u s e d  o n ly  f o r  t h e  p u rp o se  o f  p r e p a r in g  new t e s t  t a p e s .
S p e c t r a l  A n a ly s is  Tape
A number o f  a c o u s t i c a l  p a r a m e te rs  s e l e c t e d  f o r  
m easurem ent r e q u i r e d  p r e c i s e  s p e c t r a l  a n a l y s i s .  T h e re ­
f o r e ,  c o m p u te r -g e n e ra te d  s p e c t r a  were p r e p a r e d .  I n  o r d e r  
t o  d i g i t i z e  t h e  t a p e  f o r  com puter  a n a l y s i s ,  a  t a p e  was 
p r e p a re d  i n  w hich  o n ly  t h e  t e s t  s y l l a b l e s  were r e c o r d e d ,  
t h e  c a r r i e r  p h r a s e s  h a v in g  b een  d e l e t e d .  F o r  c o n v e n ie n c e ,
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t h e  s y l l a b l e s  were sp aced  one second  a p a r t .
TEST APPARATUS
LISTENING EXPERIMENT
The n o n se n se  s y l l a b l e  t e s t  t a p e  was p la y e d  a t  7 .5  
i n c h e s / s e c o n d  on a tw o -c h a n n e l  Ampex Model 500 t a p e  r e c o r ­
d e r .  The o u tp u t  was f e d  th ro u g h  an a u d io m e te r  (G ra so n -  
S t a d l e r  Model 1701) w hich  was u se d  f o r  c o n t r o l l i n g ,  s e p a ­
r a t e l y ,  t h e  l e v e l s  o f  b o th  t h e  sp eech  and n o i s e  s i g n a l s .
The a u d io m e te r  was c a l i b r a t e d  t o  .ANSI s ta n d a r d s  (ANSI S 3 .6 -  
19 6 9 ) .  The 2 s i g n a l s  w ere m ixed and t h e  o u tp u t  t r a n s d u c e d  
by one o f  a  m atched  p a i r  o f  TDH-49 e a rp h o n e s  mounted in  
MX-41/AR c u s h io n s .  F r e q u e n c y - re s p o n s e  c u rv e s  f o r  t h e  m atched  
ea rp h o n e s  w ere  o b t a in e d  u s in g  a  6 cc c o u p l e r  (NBS Type 9A) 
and a  c o n s t a n t  c u r r e n t  s o u rc e .  One c u r v e ,  shown i n  F ig u re  
6, shows a  r e l a t i v e l y  f l a t  ( - 3 dB) f re q u e n c y  r e s p o n s e  b e ­
tw een 90 and 5000 Hz. A l l  l i s t e n i n g  was done in  a  d o u b le ­
w a l le d  s o u n d - a t t e n u a t i n g  s u i t e  (IA C ).
C a l i b r a t i o n  o f  t h e  t e s t  a p p a r a tu s  was p e rfo rm ed  
p r i o r  t o  e v e ry  t e s t  s e s s i o n .  The c a l i b r a t i o n  to n e s  r e ­
co rd ed  a t  t h e  b e g in n in g  o f  ea c h  t e s t  t a p e  s e rv e d  a s  t h e
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t e s t  s i g n a l s  f o r  b o th  speech  and n o i s e  s t i m u l i .  B o th
c h a n n e ls  o f  t h e  t a p e  r e c o r d e r  w ere  s e t  a t  a  s p e c i f i c  VU
r e a d in g  ( - 5  VU), and a s i m i l a r  a d ju s tm e n t  was made on t h e
a u d io m e te r  VU m e te r .  The s p e e c h - t o - n o i s e  r a t i o  was a d j u s t e d
u s in g  t h e  a u d io m e te r  a t t e n u a t o r  d i a l s  and f i n e  a d ju s tm e n ts
made u s in g  t h e  a u d io m e te r  c a l i b r a t i o n  c o n t r o l  knobs and
m o n i to re d  on t h e  VU m e te r .  The o u tp u t  from  t h e  ea rp h o n e  was
th e n  m easu red  u s in g  a  B ru e l  6c K ja e r  Sound L eve l M e te r  (Model
2203) u s in g  t h e  s ta n d a r d  6 cc  c o u p l e r .  The same ea rp h o n e
was u s e d  a s  t h e  lo a d  i n  c h e c k in g  t h e  o v e r a l l  c a l i b r a t i o n  o f
t h e  e l e c t r i c a l  sy s tem . The a c c u ra c y  o f  t h e  e l e c t r i c a l  c a l i -
+b r a t i o n  was w i th in  - 0 .5  dB. The t a p e  r e c o r d e r ,  whose f r e ­
quency r e s p o n s e  conform ed to  t h e  NAB s ta n d a r d ,  was p e r i o d i ­
c a l l y  ch eck ed ,  i t s  h e ad s  c le a n e d  and d e m a g n e tiz e d .
ACOUSTICAL MEASUREMENTS
The p ie c e s  o f  equipm ent u se d  d u r in g  a c o u s t i c a l  a n ­
a l y s e s  w ere t ( i )  a  sound s p e c t r o g r a p h ,  ( i i )  an a n a l o g - d i g i ­
t a l  c o n v e r t e r  system  t o  c o n v e r t  t h e  tw o -c h a n n e l  a n a lo g  t a p e  
t o  d i g i t a l  form , ( i i i )  a  l a r g e ,  g e n e r a l - p u r p o s e  com puter  
w hich  p ro d u ced  t h e  s p e e c h  and n o i s e  s p e c t r a  from t h e  d i g i ­
t i z e d  s i g n a l s ,  and ( iv )  an i n t e r a c t i v e  l a b o r a t o r y  com puter
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and p e r i p h e r a l  m easurem ent d e v ic e s  w hich  w ere  u se d  t o  make 
co n so n a n t  and vowel d u r a t i o n  m e a su re m e n ts .
Sound S p e c t r o g ra p h
A sound s p e c tro g ra m  was made o f  e a c h  o f  t h e  72 
i n d i v i d u a l  s y l l a b l e s  in c lu d e d  i n  t h e  a c o u s t i c a l  m e a su re ­
ment a n a l y s i s .  The t a p e  r e c o r d i n g  c o n s i s t i n g  o f  t h e  s y l ­
l a b l e s  o n ly  ( t h e  s p e c t r a l  a n a l y s i s  t a p e )  s e rv e d  as  th e  
s t im u lu s  s o u r c e .  An Ampex Model 500 t a p e  r e c o r d e r ,  s e t  to  
t h e  same l e v e l  as  in  t h e  l i s t e n i n g  e x p e r im e n t  ( - 5  VU) was 
u se d  to  d e l i v e r  t h e  sp eech  s i g n a l s  t o  a  Kay S o n a -g ra p h  
(Model 6061-B ) ,  s e t  f o r  t o t a l  b an d w id th  o f  80 to  8000 Hz.
A w id e-b an d  s p e c t ro g ra m ,  w i th  a  500 Hz c a l i b r a t i o n  s i g n a l ,  
was th e n  g e n e r a te d  f o r  each  s y l l a b l e .
A n a l o g - t o - D i g i t a l  C o n v e rs io n
The tw o - t r a c k  t a p e  r e c o r d i n g  o f  t h e  s y l l a b l e s ,  
p r e p a re d  a s  p r e v i o u s l y  d e s c r ib e d ,  was lo w -p a s s  f i l t e r e d  
u s in g  a f i l t e r  h av in g  an a t t e n u a t i o n  r a t e  o f  48 d B /o c ta v e  
and an 8 kHz c u t - o f f  f r e q u e n c y .  The s i g n a l s  w ere th e n  
sampled a t  a  f re q u e n c y  o f  16 .667 kHz p e r  c h a n n e l ,  u s in g  a 
1 6 - b i t  a n a l o g - t o - d i g i t a l  c o n v e r t e r .  P r i o r  to  s a m p lin g ,  
t h e  l e v e l  o f  t h e  sp e e c h  s ig n a l  was a d j u s t e d  such  t h a t  t h e
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p e ak s  o f  t h e  s ig n a l  w ere  c o m fo r ta b ly  w i t h i n  t h e  dynamic 
r a n g e  o f  t h e  d i g i t i z e r .  The sam pled sp e e c h  s i g n a l s  w ere 
t h e n  t r a n s f e r r e d  t o  d i g i t a l  t a p e  f o r  s t o r a g e .
A l a r g e ,  g e n e r a l - p u r p o s e  d i g i t a l  com puter (IBM 
360/168) was used  t o  p e rfo rm  t h e  sp ec tru m  a n a l y s i s  on th e  
d i g i t i z e d  s i g n a l s .  I t  i s  im p o r ta n t  t h a t  t h e  p a ra m e te r s  
u s e d  in  t h i s  a n a l y s i s  (w h ich  u se d  t h e  m ethod o f  l i n e a r  
p r e d i c t i v e  cod ing ) be c a r e f u l l y  c h o se n .  These  p a ra m e te r s  
in c lu d e  sam p lin g  r a t e ,  number o f  f i l t e r  c o e f f i c i e n t s ,  a n ­
a l y s i s  i n t e r v a l ,  and window t y p e .  The e f f e c t s  o f  t h e s e  
v a r io u s  p a ra m e te r s  w ere  d i s c u s s e d  p r e v i o u s l y  in  t h e  Review 
o f  L i t e r a t u r e  c h a p t e r .  The r e m a in d e r  o f  t h i s  s e c t i o n  i s  
d e v o te d  to  a d e s c r i p t i o n  o f  t h e  p a ra m e te r s  u sed  i n  t h e  
d i g i t a l  sp ec tru m  a n a l y s i s .
Sam pling  R a te
Alm ost a l l  o f  t h e  im p o r ta n t  sp ec tru m  in fo r m a t io n  
i n  sp eech  l i e s  below 10 kHz and a  commonly u sed  sam p lin g  
r a t e  f o r  sp e e c h  s i g n a l s  i s  20 kHz. However, due t o  sp ace  
l i m i t a t i o n s  on th e  tw o -c h a n n e l  ( s p e e c h  and n o i s e )  system , 
t h e  s i g n a l s  f o r  a n a l y s i s  in  t h i s  s tu d y  w ere  sam pled a t  a 
r a t e  o f  16 ,667 sam ples  p e r  second  ( p e r  c h a n n e l ) ,  a f t e r
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h a v in g  b een  lo w -p a ss  f i l t e r e d  t o  8 kHz.
Number o f  F i l t e r  C o e f f i c i e n t s  
i n  L i n e a r  P r e d i c t i v e  Coding
I n  g e n e r a l ,  2 f i l t e r  c o e f f i c i e n t s  (o n e  p o l e - p a i r )
a r e  u se d  t o  r e p r e s e n t  each  r e s o n a n c e  o f  i n t e r e s t .  Thus, t o
e n s u re  t h a t  a l l  o f  t h e  im p o r ta n t  r e s o n a n c e s  o v e r  t h e  e n t i r e
f re q u e n c y  r a n g e  a r e  in c lu d e d ,  t h e  p r e s e n t  a n a ly s e s  were
p erfo rm ed  u s in g  10 p o l e - p a i r s .  T h is  r e p r e s e n t s  a  l i n e a r
p r e d i c t i v e  f i l t e r  h a v in g  20 c o e f f i c i e n t s .
A n a ly s is  I n t e r v a l
I n  ch o o s in g  t h e  a n a l y s i s  t im e  window, r e c a l l  t h a t  
t h e  t im e - f r e q u e n c y  t r a d i n g  r e l a t i o n s h i p  m ust be t a k e n  in to  
a c c o u n t .  A compromise s e l e c t i o n  was made and t h e  a n a l y s i s  
p e rfo rm ed  u s in g  a  3 0 .7 2  msec window; t h i s  c o r re s p o n d s  to  
512 sam ples  spaced  0 .0 6  msec a p a r t  in  t im e ,  t h e  r e c i p r o c a l  
o f  0 .0 6  msec b e in g  t h e  sam p lin g  f re q u e n c y  (1 6 .6 6 7  kHz) o f  
t h e  r e s u l t i n g  f re q u e n c y  a n a l y s i s .  The f re q u e n c y  r e s o l u t i o n  
i s  e q u a l  t o  t h e  sam p lin g  r a t e  (1 6 .6 6 7  kHz) d iv id e d  by th e  
number o f  sam ples  (5 1 2 )  in  t h e  t im e  window, i . e . ,  32 .5 5  Hz.
W indow ing
As d e s c r ib e d  i n  t h e  Review o f  L i t e r a t u r e ,  t h e  u se
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o f  a w e ig h te d  t im e  window i s  a d v a n ta g e o u s  f o r  a n a l y s i s  o f  a  
window o f  t h i s  s i z e .  The a n a l y s i s  in  t h i s  s tu d y  employed 
a  Hamming window (Blackman and Tukey, 1 9 5 8 ) .
I n t e r a c t i v e  Computer System
M easurem ents o f  t h e  d u r a t io n  o f  c o n so n a n ts  and v o ­
w e ls  w ere  o b ta in e d  by th e  u s e  o f  an i n t e r a c t i v e  com puter 
sy s tem . The system  was composed o f  a  DEC PDP 8/E com puter  
( c o r e  memory o f  16K 12 b i t  w ords) a lo n g  w i th  t h e  n e c e s s a r y  
m easurem ent d e v i c e s . The f o l lo w in g  a n a lo g  equipm ent was 
u se d  i n  c o n ju n c t io n  w i th  t h e  com puters t a p e  r e c o r d e r  (Am- 
pex  Model 5 0 0 ) ,  ea rp h o n es  (TDH-49), f i l t e r  ( A l l i s o n  A124B, 
v a r i a b l e  f i l t e r ) ,  o s c i l l o s c o p e  ( T e k t r o n ix  Type RM503), k e y ­
b o a rd  ( D i g i t a l  DEC S c o p e ) ,  and c o n t r o l  box ( c u s t o m - b u i l t ) .  
The d i g i t a l  d e v ic e  was a  d i s k  u n i t  (DEC RK^-E c a r t r i d g e ,
1 .6  m i l l i o n  12 b i t  w o rd s ) .  A b lo c k  d iag ram  o f  t h e  i n t e r a c ­
t i v e  com puter  system  i s  shown i n  F ig u re  7 .
The same ty p e  used  f o r  t h e  p r e v i o u s l y  d e s c r ib e d  
d i g i t a l  a n a l y s i s  was u sed  w i th  t h i s  sy s te m . One s y l l a b l e  
a t  a  t im e  was r e a d  i n t o  t h e  com puter  and c o n v e r s io n  t o  
d i g i t a l  form was c a r r i e d  o u t  by means o f  an  a n a l o g - t o - d i g i -  
t a l  c o n v e r t e r .  The sp eech  s i g n a l  was f i r s t  lo w -p a ss  f i l -
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F i g .  7 .  B lock  d iag ram  o f  t h e  . i n t e r a c t i v e  com­














t e r e d  t o  a p p ro x im a te ly  9 kHz and th e n  sam pled a t  a  f r e ­
quency o f  20 kHz u s in g  a  12- b i t  q u a n t i z e r .
The d i g i t i z e d  s y l l a b l e  was th e n  s to r e d  on t h e  d i s k ,  
p la y e d  back  and m o n i to re d  th ro u g h  e a rp h o n e s  w h i le  i t s  wave­
form was v iew ed on t h e  o s c i l l o s c o p e .  A c o n t in u o u s  d i g i ­
t a l  - t o -  a n a lo g  c o n v e r s io n  o f  t h e  s i g n a l  a l lo w e d  f o r  a  s e g ­
ment o f  t h e  speech  t o  be p la y e d  back  r e p e a t e d l y .  The l e n g t h  
o f  t h e  p la y e d -b a c k  o b s e r v a t i o n  i n t e r v a l  was a d j u s t e d  by 
means o f  a  manual a d ju s tm e n t  on t h e  c o n t r o l  box w hich  m an i­
p u l a t e d  t h e  s t a r t  and s to p  t im e s  o f  t h e  i n t e r v a l  in d e p e n ­
d e n t l y .  Thus, t h e  d u r a t i o n  o f  t h e  sp e e c h  segment c o u ld  be 
m easured  by c a l c u l a t i n g  t h e  l e n g t h  o f  t h e  o b s e r v a t i o n  i n ­
t e r v a l  c o n t a i n i n g  t h e  segment i n  q u e s t i o n .  The c o n t r o l  box 
c o n ta in e d  t h r e e  knobs f o r  c o n t r o l l i n g  t h e  s t a r t  t im e  and 
t h r e e  knobs f o r  c o n t r o l l i n g  t h e  s to p  t im e ,  p e r m i t t i n g  d u r a ­
t i o n  a d ju s tm e n ts  in  s t e p s  o f  0 .0 5  msec, 15 msec, o r  3 s e c ­
o n d s .  W hile  o b s e r v a t i o n - i n t e r v a l  a d ju s tm e n ts  were made w i t h  
t h e  c o n t r o l  box, t h e  p la y e d -b a c k  p o r t i o n  o f  t h e  s y l l a b l e  
c o u ld  be  h e a rd  and v iew ed on t h e  o s c i l l o s c o p e  s im u l t a n e o u s ly .  
As t h e  a p p r o p r i a t e  u t t e r a n c e  ( c o n s o n a n t  o r  vowel) was a d ­
j u s t e d ,  t h e  s t a r t  and s to p  t im e s  c o r re s p o n d in g  to  e a c h  o f
t h e  knob s e t t i n g s  w ere  d i s p l a y e d  on t h e  m o n i to r .  The r u l e s  
f o r  d e c id in g  on r e l a t i v e  d u r a t io n s  a r e  d e s c r ib e d  i n  t h e  
P ro c e d u re s  s e c t i o n  t o  f o l lo w .
PROCEDURES
LISTENING EXPERIMENT
The 11 s e t s  o f  n o n se n se  s y l l a b l e s  s e rv e d  as t h e  
sp e e c h  s t i m u l i  and t h e  c a f e t e r i a  n o i s e ,  r e c o rd e d  on t h e  
second  t r a c k  o f  t h e  t e s t  t a p e s ,  was u s e d  when background  
n o i s e  was r e q u i r e d .  Two p a r a m e te r s  w ere  v a r i e d :  l e v e l
o f  t h e  sp e e c h  s i g n a l ,  and s p e e c h - t o - n o i s e  r a t i o  ( b o t h  t h e  
sp e e c h  and t h e  n o i s e  l e v e l s  m easured  a c c o rd in g  t o  t h e  p r o ­
c e d u re s  d e s c r i b e d  i n  t h e  p r e v io u s  s e c t i o n ) . S ig n a l  l e v e l s  
w ere  ch o sen  t o  p r o v id e  a  w ide r a n g e  o f  s c o r e s .  P r e l i m i n ­
a r y  d a t a  r e v e a l e d  t h a t  co m p le te  a r t i c u l a t i o n  f u n c t io n s  f o r  
t h e s e  m a t e r i a l s  c o u ld  be g e n e r a te d  by u s in g  5 s i g n a l  l e v e l s :  
20, 28, 36, 44 and 52 dB SPL. I n  o r d e r  t o  compare co n so n ­
a n t  c o n f u s io n  p a t t e r n s  o b ta in e d  i n  q u i e t  w i th  t h o s e  o b ­
t a i n e d  in  n o i s e ,  t h e  same 5 s i g n a l  l e v e l s  w ere u s e d ,  f i r s t  
w i th o u t  b ackground  n o i s e  ( q u i e t  c o n d i t i o n )  and a g a in  w i th  
t h e  background  n o i s e  s e t  t o  a  5 dB s p e e c h - t o - n o i s e  r a t i o .
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The d a t a  w ere  c o l l e c t e d  in  two p h a s e s .  F i r s t ,  10 
c o n d i t i o n s  (5  s ig n a l  l e v e l s  x 2 n o i s e  c o n d i t i o n s )  w ere 
u s e d  w i th  b o th  m ale-  and f e m a le - s p e a k e r  n o n se n se  s y l l a b l e  
l i s t s ,  f o r  a  t o t a l  o f  20 l i s t e n i n g  c o n d i t i o n s .  The 20 c o n ­
d i t i o n s  w ere  random ized , a s  w ere  t h e  m a le -  and f e m a le - s p e a k e r  
n o n se n se  s y l l a b l e  p r o t o c o l s .  T h is  d e s ig n  was u sed  to  o b t a i n  
d a t a  on t h e  7 b a s ic  s u b s e t s  o f  n o n sen se  s y l l a b l e s .  A n a ly s is  
o f  t h e  p r e l im in a r y  d a t a  r e v e a l e d  s i g n i f i c a n t  random g u e s s in g  
a t  t h e  20 dB SPL s i g n a l  l e v e l  and n e a r l y  p e r f e c t  s c o r e s  
( i . e . ,  v e ry  few c o n fu s io n s )  a t  t h e  52 dB SPL s i g n a l  l e v e l .  
T h e r e f o r e ,  t h e  second p hase  o f  d a t a  c o l l e c t i o n ,  u s in g  t h e  
f i n a l  4 s u b s e t s ,  was m o d if ie d  to  i n c lu d e  o n ly  t h e  28, 36, 
and 44 dB s i g n a l  l e v e l s .  A l l  o t h e r  p a ra m e te r s  rem ain ed  
t h e  same, f o r  a t o t a l  o f  12 l i s t e n i n g  c o n d i t i o n s  (3  s ig n a l  
l e v e l s  x 2 n o i s e  c o n d i t i o n s  x 2 s p e a k e r s ) . A f t e r  o b t a i n ­
in g  t h e  a r t i c u l a t i o n - g a i n  f u n c t i o n s ,  t h e  d a t a  o b t a in e d  w i th  
t h e  m ale s p e a k e r  w ere  th e n  a n a ly z e d  in  g r e a t e r  d e t a i l  in  
te rm s  o f  t h e  p a t t e r n s  o f  p e r c e p t u a l  c o n fu s io n s  and t h e i r  
a c o u s t i c a l  c o r r e l a t e s .
The s u b je c t  was s e a t e d  in  t h e  t e s t  s u i t e  and was 
g iv e n  a  t e s t  b o o k le t  f o r  t h e  f i r s t  c o n d i t i o n .  The book-
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l e t  c o n t a in e d  one p ag e  f o r  e a c h  o f  t h e  s u b t e s t s ,  a r r a n g e d  
In  t h e  o r d e r  t h a t  th e y  o c c u r  f o r  t h a t  p a r t i c u l a r  p r o t o c o l .
A sam ple page  o f  a  t e s t  b o o k le t  ( f o r  s u b t e s t  3) a p p e a r s  i n  
F ig u re  8. F o r  each  o f  t h e  t a r g e t  s y l l a b l e s ,  / i p ,  i s ,  ik ,  
i 0 ,  i t ,  i f ,  i J 7 ,  r e s p o n s e s  a r e  l i m i t e d  t o  t h a t  s e t  o f  
s y l l a b l e s .  S u b je c t s  w ere  i n s t r u c t e d  to  g u ess  when n e c e s s a r y .
A f t e r  a l l  o f  t h e  s u b t e s t s  w ere co m p le ted ,  t h e  t a p e  
was ch anged , t h e  t e s t  equ ipm ent a d j u s t e d  f o r  t h e  n e x t  co n ­
d i t i o n ,  and a  new t e s t  b o o k le t  p ro v id e d  which c o r re sp o n d e d  
t o  t h e  n e x t  p r o to c o l  t o  be u s e d .  S u b j e c t s  were t e s t e d  i n ­
d i v i d u a l l y ,  u s u a l l y  l i s t e n i n g  to  5 o r  6 t a p e s  p e r  s e s s i o n .
Upon c o m p le t io n  o f  a l l  l i s t e n i n g  c o n d i t i o n s  f o r  
a l l  s u b j e c t s ,  r e s p o n s e s  w ere keypunched and p r e p a re d  f o r  
d a t a  a n a l y s i s .
ACOUSTICAL MEASUREMENTS 
I n t r o d u c t i o n
Most o f  t h e  a c o u s t i c a l  m easurem ents  w ere  made from 
t h e  c o m p u te r -g e n e ra te d  sp eech  and n o i s e  s p e c t r a .  The com­
p u t e r  o u t p u t  c o n s i s t e d  o f  a  g r a p h ic  r e p r e s e n t a t i o n  o f  t h e  
s p e c t r a  o f  t h e  sp e e c h  and n o i s e  s i g n a l s  f o r  each  a n a l y s i s
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F i g .  8 . A sam ple page o f  a n o n s e n se  s y l l a b l e  
t e s t  b o o k le t  ( s u b t e s t  3 ) .
PAGE NAME
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I n t e r v a l  ( 3 0 .7 2  m sec ) ,  p r i n t e d  on t h e  same page . A t y p i ­
c a l  o u tp u t  page ( f o r  a p o r t i o n  o f  t h e  vowel in  t h e  s y l l a b l e  
M l )  i s  shown in  F ig u r e  9 .  The s p e c t r a  o f  one s y l l a b l e  
and i t s  accom panying n o i s e  r e q u i r e s  ab o u t  10 to  15 pages  
o f  com puter  o u tp u t ,  d ep en d in g  upon t h e  s y l l a b l e ' s  d u r a t i o n .  
Along w i th  t h e  s p e c t r a l  r e p r e s e n t a t i o n ,  t h e  program g e n e r ­
a t e s  RMS a m p l i tu d e  and f re q u e n c y  m easurem ents  f o r  t h e  
p eak s  in  t h e  s p e c t r a  f o r  each  t im e  i n t e r v a l .  These  num­
b e r s ,  i n  a d d i t i o n  t o  t h e  g r a p h i c a l  r e p r e s e n t a t i o n  o f  th e  
s p e c t r a  th e m s e lv e s ,  s e rv e d  a s  t h e  s o u rc e  f o r  t h e  m a j o r i t y  
o f  t h e  a c o u s t i c a l  m easurem ents  made on t h e  s y l l a b l e s  and 
n o i s e .  The i n t e r a c t i v e  com puter  system  was u sed  f o r  th e  
m easurem ent o f  d u r a t i o n .  A d e s c r i p t i o n  o f  t h e  p ro c e d u re s  
u se d  in  o b t a i n i n g  t h e  a c o u s t i c a l  m easurem ents  a p p e a r s  in  
t h e  f o l lo w in g  s e c t i o n s .  Any c a l c u l a t i o n s  o r  s t a t i s t i c a l  
a n a ly s e s  p e rfo rm ed  on t h e s e  m easurem ents  a r e  d i s c u s s e d  in  
t h e  R e s u l t s  c h a p t e r .
Vowel Form ant F r e q u e n c ie s
The c o m p u te r -g e n e ra te d  s p e c t r a  p ro v id e d  in fo r m a t io n  
t o  d e r i v e  t h e  f r e q u e n c i e s  o f  t h e  p eaks  in  t h e  sp ec tru m  o f  
t h e  sp e e c h  f o r  each  a n a l y s i s  i n t e r v a l .  I n  o r d e r  t o  d e t e r -
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F i g .  9 .  A t y p i c a l  page  o f  com puter  o u tp u t  f o r  
sp eech  ( S) and n o i s e  ( n) s p e c t r a .  A 30 .72  msec p o r t i o n  
o f  t h e  vowel in  t h e  s y l l a b l e  / a 9 /  and i t s  accom panying 
n o i s e  have  been  a n a ly z e d  by l i n e a r  p r e d i c t i v e  c o d in g .
TIHE -  1 2 9 0 . 2 4  MSEC.
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m ine t h e  fo rm an t f r e q u e n c i e s  o f  t h e  vow els  in  t h e  CV and VC 
s y l l a b l e s ,  t h e  f o l lo w in g  p r o c e d u re s  w ere  a d o p te d .  F i r s t ,  
t h e  t im e  i n t e r v a l  c o r re s p o n d in g  t o  t h e  vowel p o r t i o n  o f  
t h e  s y l l a b l e  was d e te rm in e d .  The sound sp e c tro g ra m  o f  t h e  
s y l l a b l e  was u sed  a s  a  v i s u a l  a i d .  N ex t,  t h e  fo rm a n t  peaks  
in  t h e  sp ec tru m  f o r  t h a t  t im e  i n t e r v a l  w ere  fo u n d .  The n u ­
m e r ic a l  v a lu e s  ( i n  Hz) c o r re s p o n d in g  t o  th o s e  p eaks  were 
th e n  r e a d  from t h e  com puter o u t p u t .  The f r e q u e n c i e s  o f  t h e  
f i r s t  f o u r  p eaks  ( F l ,  F2, F3, F4) w ere n o te d ,  and a check  
o f  t h e s e  e s t im a te s  was made by v i s u a l  i n s p e c t i o n  o f  t h e  
s p e c t ro g ra m .  I n  a d d i t i o n ,  t h e  a m p l i tu d e  o f  t h e  h i g h e s t  o f  
t h e  f i r s t  f o u r  fo rm a n ts  (F l  o r  F2, in  a l l  c a s e s )  was n o t e d .
Second Formant T r a n s i t i o n
A number o f  m easurem ents  were made on t h e  second  
fo rm an t o f  t h e  vow el. The t im e  i n t e r v a l s  c o r re s p o n d in g  t o  
t h e  t r a n s i t i o n  p e r io d  w ere fo u n d .  T h is  e n t a i l e d  c a r e f u l  
i n s p e c t i o n  o f  t h e  s p e c t r a l  p e a k s ,  t h e  n u m e r ic a l  v a lu e s  o f  
th o s e  p e a k s ,  and t h e  s p e c t ro g ra m  o f  t h e  s y l l a b l e .  F o r  e x ­
am ple, f o r  a  VC s y l l a b l e ,  t h e  t r a n s i t i o n  p e r io d  e x te n d e d  
from t h e  t im e  a t  w hich t h e  f i r s t  change i n  t h e  s t e a d y - s t a t e  
fo rm an t f re q u e n c y  was o b s e rv e d  u n t i l  t h e  t im e  c o r re s p o n d in g
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t o  t h e  o n s e t  o f  t h e  c o n s o n a n t . The second  fo rm an t f re q u e n c y  
f o r  e ach  o f  t h e s e  t im e  i n t e r v a l s  was th e n  n o te d .  From t h e s e  
d a t a ,  t h e  m agn itude  and d i r e c t i o n  ( i . e . ,  r i s i n g  o r  f a l l i n g )  
o f  t h e  fo rm an t t r a n s i t i o n  was d e te rm in e d .  The m ag n itu d e  
was s p e c i f i e d  as  t h e  change in  f re q u e n c y ,  in  Hz, from th e  
s t a r t  o f  t h e  t r a n s i t i o n  to  t h e  end o f  t h e  t r a n s i t i o n .  F o r  
a  sm all number o f  s y l l a b l e s  ( u s u a l l y  n a s a l s )  no change  in  
t h e  second  fo rm ant f re q u e n c y  c o u ld  be fo u n d , e i t h e r  from 
t h e  com puter  a n a l y s i s  o r  by s p e c t r o g r a p h ic  i n s p e c t i o n .
The r e l i a b i l i t y  o f  t h e s e  m easurem ents  was checked , 
w henever p o s s i b l e ,  by making t h e  i d e n t i c a l  m easurem ents  
from t h e  r e p e a t  item  in  t h e  s u b t e s t .  T h is  item  i s  a n , e x ­
a c t  d u p l i c a t e  (d u b b in g )  o f  one o f  t h e  s y l l a b l e s  in  t h e  s e t ,  
n o t  a  r e p e a t e d  u t t e r a n c e  by t h e  s p e a k e r .  Thus, t h e  a c o u s ­
t i c a l  m easurem ents  sh o u ld  be t h e  same.
I t  i s  im p o r ta n t  to  keep  in  mind t h e  l i m i t a t i o n s  im­
posed  by t h e  f re q u e n c y  r e s o l u t i o n  o f  t h e  s h o r t - t e r m  d i g i t a l  
sp ec tru m  a n a l y s i s .  The r e s o l u t i o n  f o r  t h e s e  a n a l y s i s  p a r a ­
m e te r s  was c a l c u l a t e d  to  be 32 .55  Hz ( s e e  p re v io u s  s e c t i o n ) .  
T ha t i s ,  t h e  fo rm a n t- f r e q u e n c y  m easurem ents  a r e  a c c u r a t e  
t o  w i t h i n  a p p ro x im a te ly  33 Hz. L a rg e r  changes  i n  f re q u e n c y
109
( fo rm a n t  t r a n s i t i o n s )  a r e  i n t e r p r e t e d  as o c c u r r in g  in  m ul­
t i p l e s  o f  33 Hz. An a d d i t i o n a l  problem  was e n c o u n te re d  w i th  
a  sm all  number o f  s y l l a b l e s  ( s p e c i f i c a l l y  w i th  t h e  vowel / u / ) . 
When fo rm a n t  f r e q u e n c i e s  l i e  c l o s e  to  one a n o th e r  ( a s  in  / u / ) ,  
t h e  fo rm an t peaks  may merge and be i n t e r p r e t e d  a s  a s i n g l e  
peak  in  t h e  sp e c tru m . When t h i s  o c c u r r e d ,  t h e  l i n e a r  p r e ­
d i c t i v e  c o d in g  p ro c e d u re  was r e p e a t e d  f o r  th o s e  s y l l a b l e s ,  
u s in g  a  f i l t e r  h av in g  a h i g h e r  number o f  c o e f f i c i e n t s  (24 
c o e f f i c i e n t s ,  in  t h i s  c a s e ) . T h is  method was s u c c e s s f u l  in  
s e p a r a t i n g  o u t  t h e  fo rm an t p eak s  in  q u e s t i o n .
C onsonant S p e c t r a l  Peaks
To d e te rm in e  t h e  s p e c t r a l  peaks  i n  t h e  n o i s e  ( f r i ­
c a t i v e )  p o r t i o n  o f  t h e  c o n s o n a n ts ,  a p r o c e d u re  s i m i l a r  to  
t h e  one d e s c r ib e d  f o r  t h e  vowel fo rm a n ts  was u s e d .  The 
a n a l y s i s  i n t e r v a l s  c o r r e s p o n d in g  t o  t h e  co n so n a n t  p o r t i o n  
o f  t h e  s y l l a b l e  w ere d e te rm in e d .  A gain , t h e  s p e c tro g ra m  
o f  t h e  s y l l a b l e  was u se d  as  a  v i s u a l  a i d .  The f i r s t  and 
second  h i g h e s t  peaks  d u r in g  t h i s  t im e  p e r io d  w ere n o te d  on 
t h e  com pu ter  s p e c t r a ,  and a  ch eck  made by v i s u a l  i n s p e c t i o n  
o f  t h e  s p e c t ro g ra m .  The f r e q u e n c i e s  c o r re s p o n d in g  t o  t h e s e  
p eaks  w ere  th e n  r e a d  from t h e  com puter  o u t p u t .
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O v e r a l l  C o n so n a n t-N o ise  Bandw idth
The o v e r a l l  bandw id th  o f  t h e  f r i c a t i o n  p o r t i o n  o f  
a  c o n so n a n t  was m easu red .  The o v e r a l l  bandw id th  was d e ­
f in e d  a s  t h e  d i f f e r e n c e  betw een t h e  u p p e r  and lo w e r  c u t ­
o f f  f r e q u e n c i e s ,  w hich  in  t u r n  w ere  d e f in e d  as t h e  f r e ­
q u e n c ie s  a t  which t h e  f a l l i n g  sp ec tru m  was 3 dB below  th e  
a v e ra g e  l e v e l  o f  t h e  main body o f  t h e  power sp ec tru m .
F i r s t ,  t h e  t im e  i n t e r v a l  was s e l e c t e d  w hich , by 
i n s p e c t i o n ,  was found  to  c o n t a i n  t h e  " b ro a d e s t"  c o n so n an t  
e n e rg y .  Then a v i s u a l  e s t i m a t e  o f  t h e  m ain body o f  t h e  
power sp ec tru m  was made and t h e  bandw id th  o f  t h i s  energy  
was m e a su re d .  T h is  p ro c e d u re ,  a l th o u g h  in v o lv in g  a su b ­
j e c t i v e  judgm ent a s  t o  what c o n s t i t u t e d  t h e  main body o f  
t h e  power sp ec tru m , seemed to  work q u i t e  w e l l .  I n  a l l  
c a s e s ,  a p o s t  hoc a n a l y s i s  r e v e a l e d  t h a t  t h e  e s t im a te d  
o v e r a l l  bandw id th  d id ,  in  f a c t ,  c o n t a in  t h e  p r e v io u s ly -  
d e te rm in e d  s p e c t r a l  p e a k s .  I n  a d d i t i o n ,  t h e  bandw id th  
m easurem ents  f o r  each  o f  t h e  72 s y l l a b l e s  w ere p erfo rm ed  
tw ic e ,  and t h e  r e s u l t s  o f  t h e  two in d e p e n d e n t  m e a su re ­
m ents showed o n ly  sm a ll  d i f f e r e n c e s ,  t h e  l a r g e s t  b e in g  
- 25 Hz.
T o ta l  Energy o f  C onsonant and Vowel
M easures  w ere  made o f  t h e  t o t a l  ene rg y  in  t h e  c o n ­
so n a n t  p o r t i o n  and vowel p o r t i o n  o f  each  s y l l a b l e .  These  
m easu res  w ere  o b ta in e d  by a com puter  a v e ra g in g  te c h n iq u e  
p e rfo rm ed  on t h e  e s t i m a t e d  t im e  i n t e r v a l  c o r re s p o n d in g  to  
t h e  i n d i v i d u a l  co n so n a n t  and v o w el.  To a c c o m p lish  t h i s ,  
t h e  p r e c i s e  s t a r t  and s to p  t im e s  f o r  each  c o n so n an t  and 
vowel had to  be d e te rm in e d .  T h is  p ro c e d u re  was l i m i t e d  by 
t h e  t im e  r e s o l u t i o n  o f  t h e  a n a l y s i s .  The a n a l y s i s  o f  t h e  
c o n t in u o u s  sp eech  waveform was made u s in g  c o n s e c u t iv e  30 .72  
msec t im e  windows, w i th  no o v e r l a p  o r  g a p s .  T h e re f o re ,  any 
changes  in  l e v e l  w i t h i n  t h i s  t im e  p e r io d  would be smeared 
by t h e  a n a l y s i s .  W ith t h i s  in  mind, t h e  fo l lo w in g  p r o ­
c e d u re  f o r  d e te rm in in g  t h e  o n s e t  and o f f s e t  o f  c o n so n a n ts  
and vow els  was i n s t i t u t e d .
The o n s e t  o f  t h e  co n so n a n t  in  a  CV s y l l a b l e  and o f  
t h e  vowel in  a  VC s y l l a b l e  was r e l a t i v e l y  s im p le  t o  o b t a i n .  
The t im e  c o r re s p o n d in g  to  t h e  f i r s t  window c o n t a i n i n g  an 
a b r u p t  change  from t h e  b a s e l i n e  l e v e l  was t a k e n  as  t h e  o n ­
s e t  o f  t h e  s y l l a b l e .  F o r  VC s y l l a b l e s ,  t h i s  f i r s t  window 
u s u a l l y  showed th e  fo rm an t s t r u c t u r e  o f  t h e  v o w e l? f o r  CV
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s y l l a b l e s ,  t h i s  f i r s t  window u s u a l l y  showed a  s h a rp  change 
In  o v e r a l l  spec trum  l e v e l ,  w i th o u t  n e c e s s a r i l y  show ing any 
fo rm an t s t r u c t u r e .  On r a r e  o c c a s io n s ,  a t a p e  s p l i c i n g  c l i c k  
was d e t e c t e d  in  an e a r l y  window, b u t  t h i s  was c l e a r l y  d i f f e r ­
e n t i a t e d  from t h e  s y l l a b l e  o n s e t  by s p e c t r o g r a p h ic  i n s p e c ­
t i o n .  D e te rm in in g  t h e  s to p  t im e  o f  a c o n so n a n t  in  a CV s y l ­
l a b l e  o r  a vowel in  a  VC s y l l a b l e  was more d i f f i c u l t .  The 
C-V o r  V-C boundary  p o i n t  on t h e  sp ec tru m  was u s u a l l y  c h a r ­
a c t e r i z e d  by a  l a r g e  d i f f e r e n c e  in  t h e  a m p l i tu d e  betw een 
one window and th e  n e x t .  F or  exam ple, f o r  t h e  s y l l a b l e  M B / ,  
t h e  l a s t  window showing e v id e n c e  o f  /(X/ had a  g r e a t  d e a l  
more e n e rg y  t h a t  t h e  n e x t  window, s i g n i f y i n g  th e  o n s e t  o f  
/ 0 / .  Thus, t h e  V-C boundary  i n  t h i s  c a s e  was ju d g ed  to  be 
betw een t h o s e  two windows.
The o f f s e t  o f  t h e  c o n s o n a n ts  in  VC s y l l a b l e s  was 
d e f in e d  as  t h e  t im e  c o r re s p o n d in g  to  t h e  l a s t  window w i th  
an a m p l i tu d e  g r e a t e r  th a n  t h e  background  n o i s e  o f  t h e  s y s ­
tem . The o f f s e t  o f  t h e  vowel o f  a CV s y l l a b l e  was t h e  t im e  
o f  t h e  l a s t  window showing e v id e n c e  o f  fo rm a n t  s t r u c t u r e .
F o r  t h e  s to p  c o n s o n a n ts ,  t h e  " s to p  c l o s u r e "  d u r a t i o n  was 
in c lu d e d  a s  p a r t  o f  t h e  co n so n a n t  d u r a t i o n ,  f o r  t h e s e  e n e rg y
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m easurem ents  o n ly .  F o r  exam ple, f o r  t h e  s y l l a b l e  / i p / ,  
t h e  t im e  betw een  t h e  o f f s e t  o f  / i /  and t h e  o n s e t  o f  / p /  was 
in c lu d e d  w i th  t h e  c o n s o n a n t .  The " s to p  c lo s u r e "  d u r a t io n s  
w ere  c o n s id e r e d  s e p a r a t e l y  in  s p e c i f y in g  t h e  d u r a t i o n a l  
c h a r a c t e r i s t i c s  o f  t h e  s y l l a b l e s  ( a s  d e f in e d  b e lo w ) .
The r e s u l t  o f  t h e s e  m easurem ents  was a t a b u l a t i o n  
o f  t h e  o n s e t  and o f f s e t  t im e s  f o r  each  vowel and e ach  co n ­
so n a n t  o f  e v e ry  s y l l a b l e  s t u d i e d .  The e n e rg y  c o n ta in e d  
w i t h i n  t h e s e  d e s ig n a te d  t im e  p e r io d s  f o r  b o th  t h e  sp eech  
and t h e  n o i s e  was th e n  computed by summing t h e  lo g  o f  th e  
en e rg y  in  a l l  o f  t h e  windows w i t h i n  each  t im e  p e r i o d .  The 
r e s u l t s  a r e  s p e c i f i e d  in  dB u s in g  as r e f e r e n c e s  t h e  co n so n ­
a n t  and vowel h av in g  t h e  lo w e s t  t o t a l  e n e rg y .  Thus, t h e  
c o n s o n a n ts  a r e  m easured  in  dB r e :  / h i / ,  and t h e  vow els  
a r e  m easured  in  dB r e :  / i Q / . C o n s o n a n t - to - n o is e  r a t i o s  
and v o w e l - to - n o i s e  r a t i o s  ( i n  dB) were a l s o  d e r iv e d .
D u ra t io n
Due t o  t h e  r e l a t i v e l y  g r o s s  t im e  r e s o l u t i o n  o f  t h e  
sp ec tru m  a n a l y s i s ,  f i n e  t im in g  m easu rem en ts ,  such  a s  d u r a ­
t i o n s ,  c o u ld  n o t  be made from t h e  c o m p u te r -g e n e ra te d  s p e c ­
t r a .  Thus, an i n t e r a c t i v e  com puter  sy s tem , as d e s c r ib e d
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in  t h e  p r e v io u s  s e c t i o n ,  was u s e d .  I n  t h i s  c a s e ,  a c o n t r o l  
box was u se d  to  m an u a lly  a d j u s t  t h e  s t a r t  and s to p  t im e s  o f  
each  sp e e c h  segm ent. The t im e  r e s o l u t i o n  o f  t h e s e  a d j u s t ­
m en ts ,  u s in g  t h e  f i n e  a d ju s tm e n t  knob, i s  eq u a l  to  t h e  samp­
l i n g  i n t e r v a l ,  which in  t h i s  c a s e  was 0 .0 5  msec. (The samp­
l i n g  r a t e  f o r  t h i s  system  was s e t  a t  20 kHz, r e s u l t i n g  in  
i n t e r v a l s  betw een  sam ples  o f  1 /2 0 ,0 0 0  o r  0 .0 5  m se c .)
M easurem ents w ere  made o f  t h e  d u r a t i o n  o f  t h e  co n ­
s o n a n t ,  vow el, and s to p  c l o s u r e  (when a p p l i c a b l e )  f o r  each  
o f  t h e  72 s y l l a b l e s  u n d e r  s tu d y .  The p ro c e d u re s  f o r  t h e s e  
m easurem ents  w ere as  f o l l o w s .  Im m ed ia te ly  a f t e r  t h e  s y l ­
l a b l e  was r e a d  i n to  t h e  co m p u te r ,  i t  was r e p e a t e d l y  d i s ­
p la y e d  on t h e  o s c i l l o s c o p e  and s im u l t a n e o u s ly  h e a rd  th ro u g h  
t h e  e a rp h o n e s .  The o n s e t s  o f  c o n s o n a n ts  in  CV s y l l a b l e s  
and vow els  in  VC s y l l a b l e s  w ere  r e l a t i v e l y  s im p le  t o  d e ­
t e r m in e ,  b e c a u se  th e y  a r e  p re c e d e d  by n e a r  s i l e n c e .  Each 
o f  t h e s e  p o i n t s  was d e f in e d  a s  t h e  t im e  c o r re s p o n d in g  to  
t h e  a b r u p t  change  in  t h e  waveform .
The c o n so n an t-v o w e l and v o w e l-c o n so n a n t  boundary  
was more d i f f i c u l t  t o  d e te rm in e .  W ith t h e  e n t i r e  s y l l a b l e  
a p p e a r in g  on th e  o s c i l l o s c o p e  ( / z q /  f o r  ex am p le ) ,  t h e  s to p
t im e  was h e ld  c o n s ta n t  and f i n e  a d ju s tm e n ts  were made in  
t h e  s t a r t  t im e  u n t i l  t h e  a b r u p t  change in  t h e  waveform was 
r e a c h e d .  T h is  p o in t  ( d e te rm in e d  a u r a l l y  and v i s u a l l y )  c o r ­
re sp o n d e d  t o  t h e  o n s e t  o f  / z / .  To d e te rm in e  t h e  d u r a t io n  
o f  / z / ,  a l l  e v id e n c e  o f  / Q./ was removed. T h is  was done by 
a d j u s t i n g  t h e  s to p  t im e ,  w h i le  k e e p in g  t h e  s t a r t  t im e  co n ­
s t a n t .  The s to p  t im e  f i n e  a d ju s tm e n t  knob was c a r e f u l l y  
r o t a t e d ,  c r o s s i n g  t h e  C-V boundary  s e v e r a l  t im e s ,  u n t i l  t h e  
p r e c i s e  p o i n t  was e s t a b l i s h e d  w hich r e p r e s e n t e d  t h e  end o f  
t h e  c o n so n a n t  / z /  and t h e  b e g in n in g  o f  t h e  vowel /A / .
W ith  t h e s e  knob s e t t i n g s ,  t h e  e n t i r e  p o r t i o n  o f  / z /  co u ld  
be viewed on t h e  o s c i l l o s c o p e  and s im u l ta n e o u s ly  h e a rd  
th ro u g h  t h e  e a rp h o n e s .  The s t a r t  and s to p  t im es  c o r r e s ­
pond ing  t o  th o s e  knob s e t t i n g s  w ere th e n  re c o rd e d  and t h e  
d u r a t i o n  c a l c u l a t e d  by s u b t r a c t i n g  one from t h e  o t h e r .
The e n t i r e  s y l l a b l e  was th e n  v iew ed a g a in  and s i m i l a r  a d ­
ju s tm e n t s  made to  d e te rm in e  t h e  d u r a t io n  o f  /Cl/. The s to p  
t im e  o f  t h e  vowel / d /  was t h e  t im e  c o r re s p o n d in g  t o  t h e  
c r o s s i n g  o f  an  a r b i t r a r y  b a s e l i n e  on t h e  o s c i l l o s c o p e .
T h is  r u l e  worked w e l l  f o r  d e te rm in in g  t h e  s to p  t im e  o f  
m ost c o n s o n a n ts  in  VC s y l l a b l e s  and a l l  vow els  in  CV s y l -
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l a b l e s .  O th e r ,  more a b ru p t  o f f s e t s ,  such  as  t h e  / k /  in  
/ i k /  w ere r e c o rd e d  a s  t h e  t im e  c o r re s p o n d in g  t o  t h e  a b ­
r u p t  r e d u c t i o n  in  t h e  waveform.
The s t a r t  and s to p  t im e s  f o r  t h e  s to p  c l o s u r e  d u r a ­
t i o n s  w ere d e te rm in e d  in  a s i m i l a r  way. T hese  m e asu res  
w ere  r e l a t i v e l y  s im p le  as  t h e  b o u n d a r ie s  in  b o th  c a s e s  
a r e  to  and from n e a r  s i l e n c e .
The method d e s c r ib e d  above a p p e a r s  to  p r o v id e  e s ­
t i m a t e s  o f  d u r a t io n  which a r e  a t  l e a s t  a s  a c c u r a t e  and 
r e l i a b l e  a s  one c o u ld  e x p ec t  from s p e c t r o g r a p h i c  i n s p e c t i o n  
p r o c e d u r e s . I t  has been shown t h a t  t h e  u s e  o f  s p e c t r o ­
grams o r  d i g i t a l  sp e e c h  waveforms can  y i e l d  r e l i a b l e  mea­
su rem en ts  o f  vowel d u r a t i o n  ( A l l e n ,  1 9 7 8 ) .  However, t h e  
v a l i d i t y  o f  s p e c t r o g r a p h ic  e s t i m a t e s ,  s p e c i f i c a l l y  i n  te rm s  
o f  c r i t e r i a  f o r  d e te rm in in g  seg m en ta l  b o u n d a r ie s ,  i s  q u e s ­
t i o n a b l e .  P e te r s o n  and L e h i s t e  (1960) s t a t e  t h a t  i t  i s  
p o s s i b l e  to  make d u r a t io n  m easurem ents  from sp e c t ro g ra m s  
t h a t  a r e  r e l i a b l e  to  w i th in  one  o r  two c e n t i s e c o n d s . How­
e v e r ,  th e y  em phasize  t h a t  " i n s t r u m e n t a t i o n a l  a c c u ra c y  i s  
i n  g e n e r a l  c o n s id e r a b ly  g r e a t e r  th a n  t h e  a c c u ra c y  w i th  
w hich  t h e  segm en ta l  b o u n d a r ie s  can be d e te rm in e d "  ( i b i d . ,
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p .  6 9 4 ) .  O v e r la p p in g  cues  be tw een  c o n s o n a n ts  and vow els  
make such  judgm ents  d i f f i c u l t .  Thus, t h e  s p e c t ro g ra m  may 
n o t  n e c e s s a r i l y  r e p r e s e n t  t h e  a c o u s t i c  s i g n a l  in  t h e  form 
in  w hich  i t  i s  r e c e i v e d  a t  t h e  p e r c e p t u a l  l e v e l .  A p a r ­
t i c u l a r  segm ent o f  t h e  sp e c t ro g ra m  may n o t  c o r re s p o n d  p r e ­
c i s e l y  t o  a p a r t i c u l a r  p h o n e t ic  segm ent. The m easurem ent 
o f  d u r a t i o n  w i th  a u d i t o r y  and v i s u a l  c u es  may p r o v id e  a 
b e t t e r  a p p ro x im a tio n  o f  t h e  s i g n a l  in  i t s  encoded fo rm .
In  s p i t e  o f  t h e  l i m i t a t i o n s  o f  t h e  s p e c t ro g ra m s ,  
t h e y  w ere u sed  as  a  check  on t h e  d u r a t io n  m easu rem en ts .  
V e r t i c a l  l i n e s  were drawn a t  t h e  e s t im a te d  o n s e t ,  o f f ­
s e t ,  and boundary  p o i n t s .  N ex t,  a l l  c o n so n a n t  segm ents  
w ere  m easu red  by r u l e r  and t h e  s y l l a b l e s  ra n k  o r d e re d  
from s h o r t e s t  to  l o n g e s t  c o n s o n a n t .  T h is  ra n k in g  was 
th e n  com pared to  an i d e n t i c a l  co n so n an t  r a n k in g  b ased  on 
t h e  com pu ter  m easu rem en ts .  T h is  p ro c e d u re  was r e p e a t e d  
f o r  vow els  and f o r  s to p  c l o s u r e  d u r a t i o n s .  The a g r e e ­
ment be tw een  t h e  two o r d e r i n g s  was e x c e l l e n t .  Segm ents 
w i t h  v e ry  s i m i l a r  d u r a t i o n s  ( w i t h i n  10 msec) w ere o c c a ­
s i o n a l l y  p la c e d  in  d i f f e r e n t  o r d e r s  by t h e  two m e th o d s .
N o ise  Spectrum
R e p r e s e n t a t i o n s  o f  t h e  s p e c t r a  o f  t h e  background  
n o i s e  w ere  o b ta in e d .  P r e c i s e  s t a r t  and s to p  t im e s  f o r  
t h e  n o i s e  accom panying each  s y l l a b l e  w ere d e te rm in e d  
u s in g  t h e  same method t h a t  was u sed  f o r  t h e  t o t a l  ene rg y  
m easu rem en ts .  These  t im e s  c o r re s p o n d  to  t h e  t o t a l  d u r a ­
t i o n  o f  each  s y l l a l b e .  The s p e c t r a  o f  t h e  n o i s e  f o r  each  
a n a l y s i s  i n t e r v a l  was d e te rm in e d  u s in g  t h e  same number 
o f  f i l t e r  c o e f f i c i e n t s  a s  in  p r e v io u s  a n a ly s e s  ( 2 0 ) .  A 
com puter  a v e ra g in g  t e c h n iq u e  was th e n  p e rfo rm ed  on t h e  
e s t im a te d  t im e  i n t e r v a l  c o r re s p o n d in g  t o  each  n o i s e  s e g ­
m en t.  The r e s u l t  o f  t h i s  a n a l y s i s  was one s p e c t r a l  r e p ­
r e s e n t a t i o n  o f  t h e  n o i s e  f o r  each  s y l l a b l e .  The s p e c t r a  
o f  t h e  n o i s e  f o r  each  s y l l a b l e  w i th in  a s u b t e s t  was th e n  
a v e ra g e d  r e s u l t i n g  i n  one s p e c t r a l  r e p r e s e n t a t i o n  f o r  
ea c h  s u b t e s t .  The spec trum  o f  t h e  n o i s e  accompanying t h e  
s y l l a b l e s  in  s u b t e s t  4 i s  shown in  F ig u r e  10.
The s p e c t r a  w ere th e n  t r a c e d  and compared segm en t- 
by -seg m en t and were found to  v a ry  by n o t  more th a n  5 dB 
a c r o s s  t h e  e n t i r e  f re q u e n c y  r a n g e .  V a r i a t i o n  betw een  s p e c ­
t r a  a v e ra g e d  by s u b t e s t  was l e s s  th a n  2 dB. Based on t h e s e
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F i g .  10. L o n g -te rm  a v e ra g e d  sp ec tru m  f o r  b a c k ­
ground  n o i s e  accom panying s u b s e t  4 .  D ata  c o n ta in e d  in  
168 windows o f  30 .72  msec l e n g t h  w ere a v e ra g e d  a f t e r  
l i n e a r  p r e d i c t i v e  c o d in g  a n a l y s i s .  N ote  t h a t  p l o t t i n g  
i s  on a  l i n e a r  f re q u e n c y  s c a l e .  A 5 dB r e d u c t i o n  in  
a m p l i tu d e  was in c lu d e d  to  s im u la t e  t h e  s p e e c h - t o - n o i s e  
r a t i o  u se d  in  t h e  l i s t e n i n g  e x p e r im e n t .
NOISE -5
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a n a l y s e s ,  i t  was f e l t  t h a t  t h e  a v e r a g e d - s u b t e s t  s p e c t r a  
w ere  an a c c u r a t e  r e p r e s e n t a t i o n  o f  t h e  a m p l i tu d e - f r e q u e n c y  
c h a r a c t e r i s t i c s  o f  t h e  background  n o i s e .
The c o m p u te r -a v e ra g e d  s p e c t r a  o f  t h e  n o i s e  f o r  
e a c h  s u b t e s t  were u se d  to  d e te rm in e  t h e  v a lu e s  f o r  t h e  
a c o u s t i c a l  c h a r a c t e r i s t i c s  o f  t h e  s y l l a b l e s  a s  t h e y  o c c u r  
i n  n o i s e .  The m easurem ents  o f  s p e e c h - i n - n o i s e  in c lu d e d  
vowel peak  f re q u e n c y ;  o r i g i n  f re q u e n c y ,  m ag n itu d e ,  and 
d i r e c t i o n  o f  t h e  second  fo rm an t t r a n s i t i o n ;  c o n so n a n t  
s p e c t r a l  p e a k s ;  and t h e  a d d i t i o n a l  m easurem ent known as  
c r o s s o v e r  f r e q u e n c y .
The p ro c e d u re s  o u t l i n e d  f o r  t h e s e  m easurem ents  
w ere  t h e  same f o r  vowel peak , o r i g i n  f re q u e n c y ,  and 
c o n so n a n t  p e a k s .  I f  t h e  p e a k - t o - n o i s e  r a t i o  ( u s i n g  t h e  
a v e ra g e d  n o i s e  s p e c t r a  f o r  e a c h  s u b t e s t  as  t h e  r e f e r e n c e )  
was 10 dB o r  w orse , t h e  peak w i t h  t h e  h i g h e s t  p e a k - t o - n o i s e  
r a t i o  was d e s ig n a te d  a s  t h e  m easurem ent f o r  t h e  n o i s e  
c o n d i t i o n .  A change i n  o r i g i n  f re q u e n c y  o f  t h e  second  
fo rm an t t r a n s i t i o n  r e s u l t e d  i n  a su b se q u e n t  change in  t h e  
m ag n itu d e  o f  t h e  t r a n s i t i o n .  D i r e c t i o n  o f  t h e  t r a n s i t i o n  
d id  n o t  change  in  n o i s e ,  e x c e p t  f o r  t h e  c a s e s  in  w h ich  t h e
e n t i r e  t r a n s i t i o n  i s  masked.
I t  was e x t re m e ly  d i f f i c u l t  t o  d e te rm in e  t h e  e f f e c t  
o f  n o i s e  on o v e r a l l  c o n so n a n t  b an d w id th  u s in g  t h e  c r i t e r i o n  
e s t a b l i s h e d  f o r  t h e  o t h e r  a c o u s t i c a l  m easu rem en ts .  An 
a l t e r n a t i v e  p ro c e d u re  f o r  t h e  n o i s e  c o n d i t i o n  was e s t a b l i s h e d  
w h ich  r e s u l t e d  in  an e s t i m a t e  o f  c r o s s o v e r  f r e q u e n c y . The 
c r o s s o v e r  f re q u e n c y  was d e f in e d  a s  t h e  f re q u e n c y  above 
w h ich  t h e  sp ec tru m  o f  t h e  co n so n a n t  l i e s  above t h e  n o i s e  
sp e c tru m . The r e s u l t  i s ,  in  e f f e c t ,  a m easurem ent o f  t h e  
r e g i o n  o f  t h e  co n so n an t  sp ec tru m  t h a t  i s  a v a i l a b l e  to  t h e  
l i s t e n e r .  The lo w er  t h e  c r o s s o v e r  f r e q u e n c y ,  t h e  w id e r  t h e  
e f f e c t i v e  bandw id th  i n  n o i s e .  A h ig h  c r o s s o v e r  f re q u e n c y  
im p l i e s  t h a t  a l a r g e  p o r t i o n  o f  t h e  sp ec tru m  o f  t h e  





A n a ly s i s  o f  I n t e l l i g i b i l i t y
The r e s u l t s  o f  t h e  l i s t e n i n g  e x p e r im e n t  were 
a n a ly z e d  as  f o l l o w s .  The p r o p o r t io n  o f  s y l l a b l e s  c o r r e c t l y  
h e a rd  in  ea c h  s u b t e s t  f o r  each  c o n d i t i o n  was c a l c u l a t e d  
f o r  e ach  o f  t h e  s i x  l i s t e n e r s .  T rue p e r c e n t s  w ere c a l c u ­
l a t e d  from t h e  m easured  d a ta  a c c o rd in g  t o  t h e  fo l lo w in g  
fo rm u la :
p  -  NSM -  1 .
T N - 1
w here N i s  t h e  number o f  p o s s i b l e  r e s p o n s e s  and S^ i s  t h e  
m easured  s c o r e .  T h is  r e s u l t s  i n  a  s c o re  w hich  i n c lu d e s  
a c o r r e c t i o n  f o r  random g u e s s in g .  I n  a d d i t i o n ,  each  
n o n se n se  s y l l a b l e  s u b t e s t  c o n t a i n s  one r e p e a t  i te m . T h e re ­
f o r e ,  t h a t  s y l l a b l e  and i t s  r e p e a t  had h a l f - w e i g h t  a p p l i e d
t o  i t .  F o r  exam ple, a  s e t  w i t h  e i g h t  p o s s i b l e  r e s p o n s e  
a l t e r n a t i v e s  a c t u a l l y  had n in e  t a r g e t  s y l l a b l e s ,  i n c lu d in g  
t h e  r e p e a t  i te m .  F u l l - w e ig h t  was g iv e n  to  seven  s y l l a b l e s
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( 0 .1 2 5  x 7 ) ,  and h a l f - w e i g h t  was g iv e n  t o  t h e  two i d e n t i c a l  
s y l l a b l e s  (0 .0 6 2 5  x 2) f o r  a t o t a l  o f  1 . 0 .  F o r  f u r t h e r  
a n a l y s e s ,  t h e  p r o p o r t i o n s  w ere t r a n s f o rm e d  to  a r c  s i n e  u n i t s  
in  o r d e r  t o  s t a b i l i z e  t h e  b in o m ia l  sam p lin g  v a r i a b i l i t y  t h a t  
i s  i n h e r e n t  i n  e s t i m a t i n g  a p r o p o r t i o n  from a f i n i t e  s e t  o f  
i te m s  (B ro w n lee ,  1 9 6 5 ) .
D e s p i te  d i f f e r e n c e s  in  i n t e l l i g i b i l i t y  s c o r e s  betw een 
s u b j e c t s ,  t h e  d e c i s io n  was made to  combine t h e  d a t a  o v e r  t h i s  
f a c t o r .  An a n a l y s i s  o f  t h e  e r r o r s  made by each  s u b j e c t  r e ­
v e a le d  s i m i l a r  p a t t e r n s  o f  c o n f u s io n s .  F u r th e r ,  t h e r e  w ere  
few i n t e r a c t i o n s  be tw een  s u b j e c t s  and o t h e r  e x p e r im e n ta l  
v a r i a b l e s .  Thus, i t  was p o s s i b l e  to  a v e ra g e  o v e r  s u b j e c t s  
w i th o u t  s e r i o u s  l o s s  o f  i n f o r m a t io n .
A f t e r  a p p ly in g  t h e  a r c  s i n e  t r a n s f o r m a t i o n ,  t h e  
i n t e l l i g i b i l i t y  d a t a  w ere  a n a ly z e d  u s in g  a  th re e -w a y  
a n a l y s i s  o f  v a r i a n c e .  The f a c t o r s  w ere: S u b t e s t  o f
N onsense  S y l l a b l e s  (1 th ro u g h  1 1 ) ,  N o ise  C o n d i t io n  ( Q u ie t  
o r  S/N = 5 d B ) , and S peech  L e v e l  (2 0 ,  28, 36, 44, and 52 
dB SPL) .
The r e s u l t s  o f  t h e  a n a l y s i s  o f  v a r a i n c e  a r e  shown 
i n  T a b le  1. The t a b l e  shows t h a t  each  o f  t h e  t h r e e  f a c t o r s
TABLE 1 .  A n a ly s i s  o f  V a r ia n c e  o f  I n t e l l i g i b i l i t y  S c o re s  (N onsense  S y l l a b l e  
S u b t e s t  by S p eech  L e v e l  by N o ise  C o n d i t io n )
S o u rc e  o f Sum o f
V a r i a t i o n s q u a re s DF Mean S q u a re F S i g n i f i c a n c e
S u b t e s t  (T) 5 .6 2 6 0 .9 4 32 .14 0 .001
S peech  L e v e l  (L) 17 .85 4 4 .4 6 153 .10 0 .001
N o is e  C o n d i t io n  (N) 1 .1 5 1 1 .1 5 39 .36 0 .001
T x L 0 .5 2 24 0 .0 2 .74 0 .769
T x N 0 .29 6 0 .0 5 1 .6 7 0 .1 7 3
L x N 1 .0 4 4 0 .2 6 8 .95 0 .001
T x L x N 0 .7 0 24 0 .0 3
T o ta l 27 .16 69
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i s  s i g n i f i c a n t .  T here  a r e  s i g n i f i c a n t  d i f f e r e n c e s  in  
i n t e l l i g i b i l i t y  s c o re s  betw een  s u b t e s t s  and , a s  e x p e c te d ,  
be tw een  n o i s e  c o n d i t i o n s  and betw een  sp eech  l e v e l s .  A 
s i g n i f i c a n t  n o i s e  c o n d i t i o n - s p e e c h  l e v e l  i n t e r a c t i o n  i s  
a l s o  p r e s e n t .  There  a r e  no s i g n i f i c a n t  i n t e r a c t i o n s  b e ­
tw een s u b t e s t  and n o i s e  c o n d i t i o n ,  o r  betw een s u b t e s t  and 
sp e e c h  l e v e l .
The i n t e l l i g i b i l i t y  s c o r e s  f o r  t h e  11 s u b t e s t  in  
each  n o i s e  c o n d i t i o n  a t  each  sp eech  l e v e l  a r e  summarized 
in  T a b le  2 .  The a v e ra g e  v a lu e s  were o b ta in e d  from th e  
a n a l y s i s  o f  v a r i a n c e  a f t e r  t h e  s c o re s  w ere  t r a n s fo rm e d  back 
t o  p r o p o r t i o n s  from t h e  a r c  s i n e  u n i t s .  The d a t a  show t h a t  
improvement in  i n t e l l i g i b i l i t y  w i th  i n c r e a s i n g  sp e e c h  l e v e l  
changes  a s  a f u n c t io n  o f  s y l l a b l e  s u b t e s t  ty p e ,  a l th o u g h  
t h i s  i n t e r a c t i o n  i s  n o t  s t a t i s t i c a l l y  s i g n i f i c a n t .  A lth o u g h  
t h i s  t r e a t m e n t  w i l l  n o t  a l lo w  f o r  a  t e s t  o f  t h i s  e f f e c t ,  
t h e r e  a p p e a r s  to  be e v id e n c e  o f  a  th re e -w a y  i n t e r a c t i o n  
betw een s u b t e s t ,  sp e e c h  l e v e l  and n o i s e  c o n d i t i o n .  I n  t h e  
q u i e t  c o n d i t i o n s ,  s u b t e s t s  c o n ta in in g  v o ic e d  c o n so n a n ts  in  
c o m b in a t io n  w i th  t h e  vowel /<V a p p e a r  t o  have more s t e e p l y  
r i s i n g  f u n c t i o n s ,  as  i s  t h e  c a s e  f o r  t h e  s u b t e s t  c o n ta in in g
TABLE 2 .  A verage  S c o re s  i n  P e r c e n t  C o r r e c t  f o r  Each o f  t h e  11 N onsense  S y l l a b l e  S u b t e s t s ,  
f o r  F iv e  Speech  L e v e ls  (dB SPL) and Two N o ise  C o n d i t io n s  ( Q u ie t  and S/N = 5 dB)
S peech S/N N onsense  S y l l a b i e S u b t e s t
L e v e l 1 2 3 4 5 6 7 8 9 10 11 X
20 Q 2 0 .8 9 .7 2 3 .6 52 .1 3 5 .4 5 2 .4 1 4 .3 2 9 .7 6
28 Q 66 .7 4 1 .7 3 8 .9 7 4 .0 7 1 .9 8 9 .3 56 .0 6 1 .4 72 .9 40 .6 40 .6 59 .4 5
36 Q 7 5 .0 62 .5 6 5 .3 91 .7 9 1 .7 1 0 0 .0 84 .5 7 8 .1 7 6 .0 6 3 .5 51 .0 76 .30
44 Q 8 7 .5 81.9 8 6 .1 96 .9 9 6 .9 1 0 0 .0 91 .7 9 3 .8 9 2 .7 7 8 .1 8 7 .5 9 0 .2 8
52 Q 9 4 .4 9 4 .4 88 .9 100 .0 1 0 0 .0 1 0 0 .0 9 8 .8 - - - - 9 6 .6 4
20 +5 1 8 .0 2 7 .8 2 9 .2 3 2 .3 3 4 .4 5 7 .1 32 .1 32.99
28 +5 5 1 .4 2 3 .6 5 9 .7 6 8 .8 7 1 .9 7 2 .6 5 4 .8 5 4 .2 3 4 .4 20 .8 2 4 .0 4 8 .7 5
36 +5 7 9 .2 56 .9 5 9 .7 8 9 .6 7 1 .2 9 1 .7 75 .0 6 4 .6 5 4 .2 3 7 .5 3 9 .6 65 .3 8
44 +5 7 6 .4 5 5 .6 7 7 .8 8 6 .5 7 4 .0 9 6 .4 86.9 7 6 .0 7 4 .0 5 5 .2 5 3 .2 73 .8 2
52 +5 8 0 .6 62 .5 7 2 .2 8 3 .3 8 2 .3 9 6 .4 83 .3 _ _ _ _ _ _ 80.09
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t h a t  vowel w i th  v o i c e l e s s  c o n s o n a n ts  in  t h e  i n i t i a l  p o s i t i o n .  
F o r  t h e  n o i s e  c o n d i t i o n s ,  t h i s  e f f e c t  i s  p r e s e n t  o n ly  f o r  
t h e  v o ic e d ,  s y l l a b l e - i n i t i a l  c o n s o n a n ts  combined w i th  t h e  
vowel /G-/ ( s u b t e s t  6 ) .  T h is  s e t ,  c o n t a i n i n g  t h e  g l i d e s  
and l i q u i d s  /w, j ,  r ,  1 / ,  i s  a s s o c i a t e d  w i th  c o n s i s t e n t  
h ig h  s c o r e s  f o r  a l l  c o n d i t i o n s .  The r e m a in in g  v o ic e d  
s u b t e s t s  w i th  /<*■/ and t h e  v o i c e l e s s ,  s y l l a b l e - f i n a l  s u b t e s t  
w i th  / i /  a p p e a r  to  be more a d v e r s e l y  a f f e c t e d  by h ig h e r  
n o i s e  l e v e l s ,  d e s p i t e  t h e  c o n s t a n t  (5  dB) s p e e c h - t o - n o i s e  
r a t i o .  T h is  e f f e c t  i s  c h a r a c t e r i z e d  by f u n c t io n s  w hich 
r e a c h  t h e i r  peak a t  t h e  44 dB SPL sp e e c h  l e v e l .  Thus, in  
t h e  n o i s e  c o n d i t i o n s ,  an i n c r e a s e  in  sp e e c h  l e v e l  d id  n o t  
a lw ays l e a d  t o  an i n c r e a s e  in  t e s t  s c o r e  on a l l  s u b t e s t s .
A c a r e f u l  i n s p e c t i o n  was made o f  t h e  e r r o r s  in
t h e s e  t h r e e  s e t s  f o r  e a c h  l e v e l ,  in  q u i e t  and in  n o i s e .  The
a n a l y s i s  r e v e a l s  t h a t  t h e  decrem en t i n  i n t e l l i g i b i l i t y  s c o re
a t  t h e  h i g h e s t  sp eech  l e v e l  c o u ld  be a c c o u n te d  f o r  on t h e
b a s i s  o f  an i n c r e a s i n g  e r r o r  r a t e  w i th  i n c r e a s i n g  sp e e c h
l e v e l  f o r  t h r e e  c o n f u s io n s  o n ly ,  nam ely / i f / i 6 / ,  / a v / a b / ,
and /vo ./ba ./* . The o v e r a l l  p a t t e r n  o f  c o n f u s io n s  f o r  a l l
*  The f i r s t  s y l l a b l e  o f  t h e  p a i r  i s  t h e  t a r g e t ;  t h e  seco n d  
s y l l a b l e  r e p r e s e n t s  t h e  i n c o r r e c t  r e s p o n s e .
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o t h e r  l e v e l s  and f o r  a l l  o t h e r  s u b t e s t s ,  how ever, re m a in s  
t h e  same. I n  t h e  c o u r s e  o f  t h e s e  a n a ly s e s  i t  was found  
t h a t ,  w i t h  t h e  e x c e p t io n  o f  t h e  t h r e e  c o n f u s io n s  c i t e d  above , 
t h e  e r r o r  p a t t e r n  in  e ach  c o n f u s io n  m a t r i x  was e s s e n t i a l l y  
t h e  same as  a  f u n c t io n  o f  l e v e l .  T ha t i s ,  a l th o u g h  t h e  
t o t a l  number o f  e r r o r s  d e c r e a s e d  w i th  i n c r e a s i n g  sp eech  
l e v e l ,  t h e  r e l a t i v e  f re q u e n c y  o f  o c c u r r e n c e  o f  e a c h  c o n fu s io n  
rem ain ed  t h e  same. Based on t h i s  f i n d i n g ,  t h e  d e c i s i o n  was 
made to  sum o v e r  sp e e c h  l e v e l  f o r  t h e  su b se q u e n t  c o n fu s io n  
m a t r ix  a n a l y s i s .
The i n t e r a c t i o n  betw een  n o i s e  c o n d i t i o n  and sp eech  
l e v e l ,  a s  shown in  F ig u r e  11, a p p e a rs  to  be l a r g e l y  c o n f in e d  
t o  t h e  lo w e s t  sp eech  l e v e l .  T h is  f i g u r e  a l s o  shows t h a t ,  
on a v e ra g e ,  r a t e  o f  improvement in  i n t e l l i g i b i l i t y  w i th  
l e v e l  a p p e a r s  t o  be  s l i g h t l y  lo w er  in  n o i s e  th a n  in  t h e  
q u i e t  c o n d i t i o n .
F i n a l l y ,  t h e r e  i s  an a p p a re n t  l a c k  o f  i n t e r a c t i o n  
betw een s u b t e s t  and n o i s e  c o n d i t i o n .  These  d a ta  a r e  p l o t t e d  
in  F ig u r e  12. The s y l l a b l e  s u b t e s t s  w ere  r a n k  o r d e re d  on 
t h e  h o r i z o n t a l  a x i s  a c c o rd in g  to  t h e  m ag n itu d e  o f  t h e  a v e r ­
age s c o r e  ( o v e r  b o th  q u i e t  and n o i s e  c o n d i t i o n s ) . A gain ,
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F ig .  1 1 .  I n t e l l i g i b i l i t y  s c o r e ,  i n  p e r c e n t  c o r r e c t ,  
f o r  n o n se n se  s y l l a b l e s  p l o t t e d  a s  a f u n c t i o n  o f  sp e e c h  


















20 28 36 44 52 dB SPL
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132
F ig .  1 2 . I n t e l l i g i b i l i t y  s c o re ,  i n  p e r c e n t  c o r r e c t ,  
f o r  e ach  o f  t h e  11 sub t e s t s  o f  n o n se n se  s y l l a b l e s  f o r  
b o th  q u i e t  and n o i s e  c o n d i t i o n s .  C onsonan ts  i n  each  
s u b t e s t  a r e  v o ic e d  (V+) o r  v o i c e l e s s  ( V - ) , i n i t i a l  ( I )  


















v +  V+ V -  V -  V -  V+ V -  V -  V -  v +  v +
F F F F F I I I I F I
IM /u  /  / u /  / } /  l a /  l a /  IU /u /  / a /  / a /  /a /
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on a v e r a g e ,  t h e  h i g h e s t  s c o r e s  w ere o b t a i n e d  on t h e  s u b t e s t s  
c o n t a i n i n g  v o ic e d  c o n s o n a n ts  w i th  A V , fo l lo w e d  by v o i c e ­
l e s s ,  s y l l a b l e - i n i t i a l  c o n s o n a n ts  w i t h  / i / ,  /A / ,  and / u / . 
T h is  f i g u r e  a l s o  r e v e a l s  t h e  d i f f e r e n t i a l  e f f e c t s  o f  n o i s e  
on i n t e l l i g i b i l i t y .  On a v e ra g e ,  i n t e l l i g i b i l i t y  o f  v o i c e ­
l e s s  i n i t i a l  and v o ic e d  f i n a l  c o n so n a n ts  w i th  / i /  and a l l  
f i n a l  c o n s o n a n ts  w i th  / u /  a p p e a r s  to  be most a d v e r s e ly  
a f f e c t e d  by n o i s e .
The im p o rta n c e  o f  s y l l a b l e  s u b t e s t  ty p e  r e v e a l e d  in  
t h e  above  a n a ly s e s  was e x p lo re d  f u r t h e r  by s e p a r a t e  a n a l y s e s  
on t h e  t h r e e  f a c t o r s  d i f f e r e n t i a t i n g  t h e  s u b t e s t s ,  i . e . ,  
c o n s o n a n t  v o ic in g ,  c o n so n an t  p o s i t i o n ,  and vowel c o n t e x t .  
T ran sfo rm ed  i n t e l l i g i b i l i t y  s c o re s  w ere  a v e ra g e d  a c c o rd in g  
to  s u b t e s t  ty p e ,  and t h r e e ,  th re e -w a y  a n a ly s e s  o f  v a r i a n c e  
w ere p e r fo rm e d  w i th  sp eech  l e v e l  and n o i s e  c o n d i t i o n  s e r v in g  
as  t h e  o t h e r  two f a c t o r s .  The r e s u l t s  show t h a t  t h e r e  a r e  
s i g n i f i c a n t  d i f f e r e n c e s  in  i n t e l l i g i b i l i t y  s c o re s  be tw een  
v o ic e d  and v o i c e l e s s  s u b t e s t s ,  i n i t i a l  and f i n a l  s u b t e s t s ,  
and be tw een  s u b t e s t s  c o n t a i n i n g  t h e  t h r e e  d i f f e r e n t  v o w e ls .  
A g a in ,  sp eech  l e v e l  and n o i s e  c o n d i t i o n  m ain  e f f e c t s  a r e  
s i g n i f i c a n t  i n  a l l  t h r e e  a n a l y s e s .  T h e re  a r e  no s i g n i f i c a n t
i n t e r a c t i o n s  betw een any o f  t h e  s y l l a b l e  s u b t e s t  t y p e s  and 
n o i s e  c o n d i t i o n .  In  a d d i t i o n ,  t h e r e  a r e  no s i g n i f i c a n t  
p o s i t i o n - s p e e c h  l e v e l  o r  v o w e l- sp e e c h  l e v e l  i n t e r a c t i o n s ,  
a l th o u g h  a  v o i c i n g - s p e e c h  l e v e l  i n t e r a c t i o n  i s  found  t o  be 
s i g n i f i c a n t .  These i n t e l l i g i b i l i t y  s c o r e s ,  c o n v e r te d  back 
t o  p r o p o r t i o n s ,  a r e  p l o t t e d  in  F ig u r e s  13, 14, and 15, 
r e s p e c t i v e l y .  The d a t a  r e v e a l  t h a t ,  on a v e ra g e ,  i n t e l l i g i ­
b i l i t y  i s  s i g n i f i c a n t l y  b e t t e r  f o r  s y l l a b l e - i n i t i a l  co n so n ­
a n t s  th a n  f o r  s y l l a b l e - f i n a l  c o n s o n a n ts ,  i n  b o th  q u i e t  and 
n o i s e  c o n d i t i o n s .  I n  a d d i t i o n ,  t h e  i n t e l l i g i b i l i t y  o f  
c o n s o n a n ts  combined w i th  t h e  vowel /& / i s  s i g n i f i c a n t l y  
g r e a t e r  th a n  f o r  c o n s o n a n ts  p a i r e d  w i th  e i t h e r  / i /  o r  / u / . 
F i n a l l y ,  v o ic e d  c o n so n a n ts  a p p e a r  to  be s i g n i f i c a n t l y  
more i n t e l l i g i b l e  th a n  v o i c e l e s s  c o n so n a n ts  o n ly  a t  t h e  
v e ry  lo w e s t  and v e ry  h i g h e s t  sp e e c h  l e v e l s .  The fo rm e r  
f i n d i n g  c o u ld  be due to  t h e  re d u c e d  o v e r a l l  energy  i n  t h e  
v o i c e l e s s  c o n s o n a n ts  th e m s e lv e s .  The r e a s o n  f o r  t h e  d e c r e ­
ment a t  t h e  h i g h e s t  l e v e l  c o u ld  be a r e s u l t  o f  t h e  g r e a t e r  
e f f e c t  o f  n o i s e  on t h e  v o i c e l e s s  c o n s o n a n ts .
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F ig .  1 3 . I n t e l l i g i b i l i t y  s c o r e ,  in  p ercen t c o r r e c t ,
fo r  nonsense s y l l a b l e s  p lo t t e d  as  a fu n c t io n  o f  speech
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F ig .  1 4 .  I n t e l l i g i b i l i t y  s c o r e ,  in  p ercen t c o r r e c t ,
f o r  n on sen se  s y l l a b l e s  p lo t t e d  a s  a fu n c t io n  o f  speech
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F ig .  15 . I n t e l l i g i b i l i t y  s c o r e ,  in  p ercen t  c o r r e c t ,
f o r  n on sen se  s y l l a b l e s  p lo t t e d  as a f u n c t io n  o f  speech





















44 52 dB SPL
SPEECH LEVEL
A n a ly s is  o f  C o r r e c t  I d e n t i f i c a t i o n s
C o n fu s io n  m a t r i c e s  f o r  e a c h  o f  t h e  n o n sen se  s y l l a b l e  
s u b t e s t s  w ere  g e n e r a te d  from t h e  r e s u l t s  o f  t h e  l i s t e n i n g  
e x p e r im e n t .  F o r  r e a s o n s  s t a t e d  p r e v i o u s l y ,  m a t r i c e s  t o  be 
a n a ly z e d  w ere  th o s e  summed o v e r  s u b j e c t  and sp eech  l e v e l .  
Thus, t h e r e  a r e  two m a t r i c e s  f o r  ea c h  s y l l a b l e  s u b t e s t ,  one 
each  f o r  t h e  q u i e t  and n o i s e  c o n d i t i o n s .  These  m a t r i c e s  a r e  
shown i n  T a b le s  3 th ro u g h  13.
For each  m a t r ix ,  t h e  t a r g e t  s y l l a b l e s  a r e  t h o s e  
a p p e a r in g  in  t h e  row s, and th e  r e s p o n s e  s y l l a b l e s  a r e  th o s e  
i n  t h e  co lum ns. The s y l l a b l e s  c o m p r is in g  e ach  m a t r ix  a r e  
a r r a n g e d  by manner o f  a r t i c u l a t i o n  and , w i t h i n  each  manner 
c l a s s ,  by p l a c e  o f  a r t i c u l a t i o n .  Thus, f o r  each  m a t r i x ,  t h e  
p l o s i v e s  and f r i c a t i v e s  a p p e a r  f i r s t ,  fo l lo w e d  by t h e  n a s a l s  
g l i d e s ,  l i q u i d s  a n d /o r  a f f r i c a t e s .  W ith in  ea c h  manner c l a s s  
t h e  l a b i a l  p l a c e  o f  a r t i c u l a t i o n  a p p e a r s  f i r s t ,  fo l lo w e d  by 
t h e  l a b i o - d e n t a l s ,  a l v e o l a r s ,  and v e l a r s .
I n s p e c t i o n  o f  t h e  d ia g o n a l  f o r  each  m a t r ix  r e v e a l s  
t h e  p e r c e n ta g e  o f  c o r r e c t  i d e n t i f i c a t i o n s  f o r  each  s y l l a b l e  
in  b o th  q u i e t  and n o i s e .  The d a t a  f o r  t h e  q u i e t  c o n d i t i o n  
a r e  summarized in  T a b le  14 a c c o rd in g  to  co n so n a n t  manner o f
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TABLE 3 .  C onfusion  M atr ices  fo r  N onsense S y l l a b l e  S u b te s t
1, Averaged Over A l l .S p e e c h  L e v e ls ;  Upper M atrix  f o r  Q uiet
C o n d itio n ,  Lower M atrix  f o r  N o ise  C on d ition
QUIET
•cp at ak Of a0 as aS
op 9 0 .0 0 . 0 0 . 0 0 . 0 3 . 3 3 .3 3 . 3
at 6 . 7 6 B .3 11 .7 3 .3 3 . 3 0 .0 6 .7
ak 6 .7 647 80 .0 3 .3 0 . 0 0 . 0 3 . 3
of 2 0 .0 0 4 0 8 .3 5 6 .7 1 3 .3 1 .7 0 .0
aS 3 .3 8 . 3 8 . 3 16 .7 5 0 .0 6 .7 6 .7
as 3 .3 1 0 . 0 6 .7 0 .0 0 . 0 8 0 .0 0 . 0
aS 3 . 3 3 . 3 0 . 0 0 . 0 5 . 0 3 .3 8 5 .0
NOISE
qp at ak
cp 6 3 .3 1 0 .0 13 .3
at 1 1 .7 7 3 . 3 6 .7
ak 0 . 0 1 6 .7 7 0 .0
of 3 6 .7 6 . 7 8 .3
a0 2 3 .3 3 . 3 8 .3
as 0 . 0 8 . 3 8 .3
a$ 0 . 0 3 . 3 3 . 3
of a0 as a$
6 .7 6 . 7 0 .0 0 .0
1 .7 0 . 0 3 .3 3 . 3
3 .3 3 . 3 6 .7 0 . 0
4 1 .7 3 . 3 0 .0 3 . 3
6 .7 5 3 .3 3 .3 1 .7
0 . 0 5 . 0 7 5 .0 3 . 3
3 .3 0 . 0 0 .0 9 0 .0
TABLE 4 .  Confusion M a tr ices  f o r  Nonsense  S y l l a b l e  S u b te s t  
. 2 ,  Averaged Over A l l  Speech L e v e ls ;  Upper Matrix- f o r  Q uiet  
•C ondit ion ,  Lower Matrix  f o r  N o ise  C ondit ion
QUIET
up ut uk uf uG U8 uS
up 4 6 . 7 6 . 7 1 3 .3 2 3 .3 6 . 7 0 .0 3 .3
ut 16 .7 6 0 . 0 1 6 .7 6 .7 0 . 0 0 .0 0 . 0
uk 1 8 .3 1 . 7 6 8 . 3 5 . 0 0 . 0 6 .7 0 . 0
uf 6 . 7 1 6 .7 5 .0 5 1 .7 18 .? 0 .0 1 .7
uG 1 1 .7 1 6 . 7 1 0 .0 10 .0 4 8 . 3 0 .0 3 . 3
us 0 . 0 6 . 7 0 . 0 3 .3 3 . 3 83 .3 3 .3
uS 0 . 0 3 . 3 0 . 0 3 . 3 3 . 3 3 .3 8 6 .7
NOISE
up ut uk uf uG us uS
up 2 3 .3 1 3 . 3 3 3 . 3 2 0 .0 1 0 .0 0 .0 0 . 0
ut 0 .0 5 6 . 7 2 0 .0 3 .3 1 0 .0 0 .0 1 0 .0
uk 18 .3 2 1 . 7 3 1 .7 2 1 .7 5 . 0 1 .7 0 . 0
uf 18 .3 6 . 7 1 1 .7 4 1 . 7 1 6 .7 3 .3 1 .7
uG 2 0 . 0 2 0 . 0 2 0 . 0 10 .0 3 0 .0 0 .0 0 . 0
us 3 . 3 0 . 0 0 . 0 0 . 0 0 . 0 9 5 .0 1 .7
us 0 . 0 3 . 3 3 . 3 0 . 0 3 . 3 0 .0 9 0 .0
TABLE 5 • Confusion M a tr ices  fo r  Nonsense S y l l a b l e  S u b te s t
3, Averaged Over A l l  Speech L e v e ls ;  Upper M atrix  fo r  Q u iet
C o n d itio n , Lower M atrix  f o r  N o ise  C ondition
QUIET
ip i t ik i f ie is iS
4p 5 6 .7 2 5 . 0 3 . 3 10 .0 5 . 0 0 .0 0 . 0
i t 6 .7 7 5 . 0 3 . 3 5 .0 5 . 0 3 .3 1 .7
ik 0 . 0 6 . 7 7 6 .7 3 .3 6 . 7 0 .0 6 .7
i f 6 .7 1 0 .0 1 3 .3 3 3 .3 3 6 .7 0 .0 0 . 0
16 6 .7 1 0 .0 1 3 .3 33 .3 3 6 .7 0 .0 0 . 0
is 0 . 0 0 . 0 8 .3 0 .0 0 . 0 9 1 . 7 0 . 0
iS 0 . 0 0 . 0 3 . 3 0 .0 3 . 3 0 .0 9 3 .3
NOISE
ip i t ik i f ie is iS
ip 4 8 . 3 1 8 .3 1 3 .3 6 .7 10.  0 0 .0 3 . 3
i t 0 . 0 8 8 . 3 5 . 0 0 . 0 5 . 0 1 .7 0 . 0
ik 3 .3 3 . 3 9 1 .7 0 .0 1 .7 0 .0 0 . 0
i f 3 .3 1 0 .0 2 3 .3 2 0 .0 4 3 . 3 0 .0 0 . 0
i6 6 . 7 1 6 .7 2 3 .3 2 6 .7 2 3 .3 0 .0 3 .3
is 0 .0 5 . 0 0 . 0 1 .7 0 . 0 9 3 .3 0 . 0
iS 0 . 0 0 . 0 0 . 0 3 .3 3 . 3 0 .0 9 3 . 3
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TABLE 6 . C onfusion M a tr ices  fo r  Nonsense S y l l a b l e  S u b te s t
4 ,  Averaged Over A l l  Speech  L e v e ls ;  Upper M atrix  f o r  Q uiet
C o n d ition , Lower M atrix fo r  N o ise  C ondition
QUIET •
ab ad ag av a5 az am an OJD
ab 9 0 .0 0 . 0 6 .7 3 .3 0 . 0 0 .0 0 . 0 0 .0 0 . 0
ad 3 .3 9 0 . 0 0 . 0 0 . 0 3 . 3 3 .3 0 . 0 0 . 0 0 . 0
Qg 0 .0 6 . 7 8 6 .7 3 .3 3 . 3 0 .0 0 . 0 0 . 0 0 . 0
QV 2 1 .7 0 . 0 0 . 0 7 3 .3 5 . 0 0 .0 0 .0 0 . 0 0 . 0
aS 3 .3 6 . 7 3 . 3 5 . 0 6 8 .3 1 0 .0 3 .3 0 . 0 0 . 0
az 0 . 0 8 . 3 3 . 3 0 .0 0 . 0 8 0 .0 1 .7 3 . 3 3 .3
am 0 . 0 0 . 0 5 .0 3 .3 0 . 0 0 . 0 8 6 .7 0 . 0 5 .0
an 0 .0 3 . 3 0 . 0 0 . 0 0 . 0 3 .3 0 .0 9 3 .3 0 .0
aJ3 0 .0 0 . 0 0 . 0 0 . 0 1 .7 0 .0 0 . 0 3 . 3 9 5 .0
NOISE
ab ad ag av
ab 8 0 .0 3 . 3 6 .7 6 .7
ad 0 . 0 8 6 . 7 6 .7 0 .0
Qg 6 .7 6 . 7 7 3 .3 0 . 0
av 3 1 .7 0 . 0 6 .7 4 6 . 7
a& 0 .0 6 . 7 5 . 0 3 .3
az 0 .0 1 . 7 3 . 3 6 .7
am 6 .7 0 . 0 3 .3 11 .7
an 0 . 0 6 . 7 6 .7 0 . 0
ao 3 .3 0 . 0 0 . 0 3 .3
a5 az am an QO
0 . 0 0 .0 0 . 0 3 . 3 0 . 0
3 . 3 3 .3 0 . 0 0 . 0 0 . 0
10 .0 0 .0 0 . 0 3 .3 0 . 0
1 0 .0 0 .0 1 .7 1 .7 1 .7
6 3 .3 10 .0 0 . 0 11 .7 0 .0
3 .3 8 0 .0 0 .0 0 .0 5 .0
0 . 0 0 .0 73 .3 0 . 0 5 .0
6 . 7 0 .0 0 .0 8 0 .0 0 . 0
0 . 0 0 .0 0 .0 0 . 0 9 3 .3
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TABLE 7 .  C onfusion M a tr ices  fo r  Nonsense S y l l a b l e  S u b te s t
5 , Averaged Over A l l  Speech L e v e ls ;  Upper M atrix fo r  Q uiet
C o n d ition , Lower M atrix fo r  N o ise  C ondition
QUIET
pa ta ka fa 6a sa Sa ha t ja
pa 6 1 .7 6 . 7 0 . 0 15 .0 3 . 3 0 .0 0 . 0 13.3 0 .0
ta 5 .0 7 5 . 0 16.7 0 .0 0 . 0 3 .3 0 . 0 0 . 0 0 . 0
ka 5 .0 8 . 3 8 3 .3 3 .3 0 . 0 0 .0 0 . 0 0 . 0 0 . 0
fa 0 . 0 0 . 0 0 . 0 8 1 .7 13 .3 0 .0 0 . 0 5 . 0 0 . 0
6a 3 .3 3 . 3 3 . 3 0 . 0 8 6 .7 0 .0 3 .3 0 .0 0 . 0
sa 0 . 0 0 . 0 3 . 3 6 .7 0 . 0 9 0 .0 0 . 0 0 . 0 0 . 0
Sa 0 .0 0 . 0 0 . 0 0 . 0 3 .3 0 .0 9 0 .0 0 . 0 6 . 7
ha 10.0 1 6 .7 3 .3 3 .3 0 . 0 0 .0 0 . 0 6 6 .7 0 . 0
t$a 0 .0 0 . 0 0 . 0 0 . 0 0 . 0 0 .0 1 .7 0 . 0 9 8 .3
NOISE
pa ta ka fa 0a sa Sa ha tSa
pa 5 3 .3 8 . 3 15 .0 2 0 .0 0 . 0 0 .0 0 . 0 3 . 3 0 . 0
ta 3 .3 7 5 . 0 6 .7 0 .0 6 . 7 5 .0 0 . 0 3 .3 0 .0
ka 13.3 1 1 .7 5 3 .3 0 .0 0 . 0 0 .0 0 . 0 21 .7 0 . 0
fa 1 .7 3 . 3 6 .7 7 0 .0 11 .7 0 .0 0 . 0 6 . 7 0 . 0
0a 0 .0 3 . 3 3 .3 6 .7 8 0 .0 0 .0 0 . 0 6 . 7 0 . 0
sa 0 .0 0 . 0 3 . 3 0 . 0 3 . 3 9 3 .3 0 . 0 0 . 0 0 . 0
Sa 0 .0 0 . 0 0 . 0 0 .0 0 . 0 0 .0 8 0 .0 0 . 0 2 0 .0
ha 2 1 .7 6 . 7 16 .7 0 . 0 0 . 0 0 .0 3 .3 51 .7 0 . 0
t$a 0 . 0 3 . 3 0 . 0 0 . 0 0 . 0 0 .0 6 . 7 0 . 0 9 0 . 0
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TABLE 8 . Confusion M a tr ices  fo r  Nonsense S y l l a b l e  S u b te s t
6, Averaged Over A l l  Speech L e v e ls ;  Upper M atrix  fo r  Q uiet
C o n d itio n , Lower M atrix  f o r  N o ise  C ondition
ba da ga
QUIET
ja ra wa la d3a
ba 8 1 .7 0 . 0 0 . 0 0 .0 3 . 3 5 .0 6 .7 3 . 3
da 3 .3 9 0 . 0 0 . 0 3 .3 0 . 0 0 .0 0 . 0 3 . 3
ga 0 . 0 6 . 7 9 0 .0 0 .0 0 . 0 0 .0 0 . 0 3 .3
ja 0 .0 3 . 3 0 . 0 9 3 .3 0 . 0 0 .0 0 . 0 3 . 3
ra 0 . 0 0 . 0 0 . 0 0 .0 9 6 . 7 3 .3 0 .0 0 . 0
wa 0 . 0 0 . 0 0 . 0 0 .0 0 . 0 9 6 .7 3 .3 0 . 0
l a 1 .7 0 . 0 0 . 0 0 .0 1 0 .0 6 .7 8 1 .7 0 . 0
dsa 0 . 0 3 . 3 5 . 0 3 .3 0 . 0 0 .0 0 . 0 88 .3
ba da ga
NOISE
ja ra wa l a d3a
ba 70.0 0 . 0 1 .7 1 .7 5 . 0 1 .7 2 0 .0 0 . 0
da 0 . 0 9 0 . 0 10.  0 0 .0 0 . 0 0 .0 0 . 0 0 . 0
ga 0 . 0 8 . 3 8 5 .0 3 .3 3 . 3 0 .0 0 .0 0 . 0
ja 0 . 0 3 . 3 0 . 0 96 .7 0 . 0 0 .0 0 . 0 0 . 0
ra 0 .0 0 . 0 0 . 0 0 . 0 9 8 .3 0 .0 1 .7 0 . 0
wa 1 .7 0 . 0 0 . 0 0 . 0 1 .7 9 3 .3 3 .3 0 . 0
l a 1 .7 0 . 0 3 . 3 0 .0 8 .3 2 3 .3 6 3 .3 0 . 0
d3a 0 .0 0 . 0 6 .7 10 .0 0 . 0 0 .0 0 . 0 8 3 .3
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TABLE 9 .  C onfusion M a tr ices  fo r  Nonsense S y l l a b l e  S u b te s t
7, Averaged Over A l l  Speech L e v e ls ;  Upper M atrix fo r  Q uiet
C on d ition , Lower M atrix fo r  N o ise  C ondition
ba d a
ba 56 .7 0 . 0
d a 0 . 0 7 6 . 7
ga 0 .0 1 6 .7
v a 16 .7 0 . 0
S a 3.3. 2 0 . 0
sa 0 .0 1 0 .0
ma 3 .3 0 . 0
n a 0 .0 1 1 .7
b a d a
b a 2 5 .0 0 . 0
d a 5 .0 7 5 . 0
g a 0 .0 1 0 .0
v a 26 .7 1 . 7
S a 0 . 0 1 3 .3
z a 0 .0 6 . 7
ma 13 .3 0 . 0
n a 0 . 0 6 . 7
QUIET
ga va Sri
3 .3 1 6 .7 15 .0
5 .0 1 .7 3 . 3
8 0 .0 0 . 0 0 . 0
0 . 0 7 0 . 0 1 1 .7
6 . 7 0 . 0 6 1 . 7
3 . 3 0 .0 3 . 3
0 . 0 6 .7 3 . 3
6 . 7 0 . 0 0 . 0
N O IS E
g a va S a
5 . 0 23 .3 4 0 . 0
13 .3 3 . 3 0 . 0
8 6 .7 0 . 0 0 . 0
0 . 0 5 0 .0 2 0 .0
6 . 7 1 .7 7 0 .0
0 . 0 3 .3 0 . 0
3 . 3 3 .3 0 . 0
1 .7 0 . 0 0 . 0
za ma na
8 .3 0 . 0 0 . 0
10 .0 0 . 0 3 . 3
3 .3 0 . 0 0 . 0
0 .0 0 . 0 1 .7
3 .3 0 .0 5 . 0
7 6 .7 3 . 3 3 . 3
0 .0 8 0 .0 6 . 7
0 .0 0 . 0 8 1 .7
za ma na
5 .0 0 . 0 1 .7
3 .3 0 . 0 0 . 0
0 .0 3 .3 0 . 0
0 .0 1 .7 0 . 0
6 .7 1 .7 0 . 0
9 0 .0 0 . 0 0 . 0
0 .0 7 6 .7 3 .3
0 .0 0 . 0 9 1 .7
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TABLE 10 . C onfusion M a tr ices  fo r  Nonsense S y l l a b l e  S u b te s t
8, Averaged Over A l l  Speech L e v e ls ;  Upper M atrix  f o r  Q uiet
C o n d itio n , Lower M atrix  fo r  N o ise  C ondition
QUIET
pu tu ku fu
pu 3 3 .3 5 . 6 2 5 .0 5 .6
tu 0 .0 9 4 . 4 0 . 0 5 .6
ka 0 . 0 0 . 0 9 4 .4 0 . 0
fu 0 .0 5 . 6 0 . 0 55 .6
0u 0 .0 5 . 6 0 . 0 0 . 0
su 0 .0 0 . 0 0 . 0 0 . 0
$u 0 .0 0 . 0 0 . 0 0 . 0
ha 5 .6 0 . 0 1 6 .7 11.1
t$u 0 .0 0 . 0 0 . 0 0 . 0
0u su Su hu t$u
5 .6 0 .0 0 . 0 19 .4 5 .6
0 . 0 0 .0 0 . 0 0 . 0 0 . 0
0 . 0 0 .0 0 . 0 0 . 0 0 . 0
0 . 0 2 5 .0 0 . 0 13 .9 0 . 0
9 4 .4 0 .0 0 . 0 0 . 0 0 . 0
0 . 0 100 .0 0 . 0 0 . 0 0 . 0
0 . 0 5 .6 9 4 . 4 0 . 0 0 . 0
0 . 0 0 .0 0 . 0 6 6 .7 0 . 0
0 . 0 0 .0 11 .1 0 . 0 8 8 .9
NOISE
pu tu ku fu ©u su Su hu tSu
pu 4 4 .4 8 . 3 16 .7 8 .3 0 . 0 5 .6 0 . 0 16 .7 0 . 0
tu 0 .0 7 2 . 2 5 . 6 5 .6 0 . 0 0 . 0 0 . 0 16 .7 0 . 0
ku 5 .6 0 . 0 7 7 .8 0 . 0 0 . 0 0 .0 0 . 0 16 .7 0 . 0
fu 16 .7 5 . 5 8 .3 3 3 .3 0 . 0 0 .0 5 .6 3 0 .6 0 . 0
6u 0 . 0 5 . 6 5 .6 11.1 6 6 .7 0 .0 0 . 0 5 . 6 5 . 6
su 0 .0 0 . 0 0 . 0 0 .0 0 . 0 9 4 . 4 0 . 0 5 .6 0 . 0
Su 5 .6 0 . 0 0 . 0 0 . 0 0 . 0 0 .0 9 4 . 4 0 . 0 0 . 0
hu 16.7 5 . 6 0 . 0 2 2 .2 11.1 0 .0 0 . 0 4 4 .4 0 . 0
t$u 0 . 0 0 . 0 5 .6 0 .0 0 . 0 2 .8 2 .8 0 . 0 8 8 .9
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TABLE 11. Confusion M a tr ices  fo r  Nonsense S y l la b le  S u b te s t
9 ,  Averaged Over A l l  Speech L e v e ls ;  Upper M atrix  fo r  Q uiet
C o n d itio n , Lower M atrix f o r  N o ise  C on d ition
QUIET
Pi t i ki f i 0 i s i Si hi tS i
P i 7 2 .2 5 . 6 5 .6 13.9 2 .8 0 .0 0 . 0 0 . 0 0 .0
t i 0 .0 8 8 . 9 5 . 6 5 .6 0 . 0 0 .0 0 . 0 0 . 0 0 .0
ki 0 .0 0 . 0 9 4 .4 0 . 0 0 . 0 0 .0 0 . 0 5 .6 0 .0
f i 0 . 0 5 . 6 0 . 0 83 .3 5 . 6 5 .6 0 . 0 0 . 0 0 .0
0i 5 .6 0 . 0 2 .7 4 1 .7 4 4 . 4 0 .0 5 . 6 0 . 0 0 . 0
s i 0 . 0 0 . 0 0 . 0 0 .0 0 . 0 100.0 0 . 0 0 . 0 0 . 0
Si 0 .0 5 . 6 0 . 0 0 .0 0 . 0 0 .0 9 4 .4 0 . 0 0 . 0
hi 5 .6 8 . 3 5 .6 2 .8 0 . 0 0 .0 5 .6 7 2 .2 0 .0
tS i 0 . 0 0 . 0 0 . 0 0 .0 0 . 0 0 .0 5 . 6 0 . 0 9 4 .4
NOISE
P i t i k i f i 0 i s i Si h i tS i
P i 36 .1 5 . 6 11 .1 2 2 .2 5 . 6 0 .0 0 .0 1 3 .9 5 .6
t i 0 .0 6 6 . 7 5 . 6 11.1 0 .0 0 .0 5 .6 5 . 6 5 .6
k i 5 .6 5 . 6 7 7 .8 5 .6 0 .0 0 .0 0 .0 5 . 6 0 .0
f i 3 3 .3 1 1 .1 0 .0 3 3 .3 0 .0 5 .6 0 .0 11.1 5 .6
0 i 2 .8 5 . 6 2 .8 52 .8 2 7 .8 0 .0 2 . 8 5 . 6 0 .0
s i 0 .0 2 . 8 0 .0 2 .8 5 . 6 8 8 .9 0 .0 0 .0 0 .0
Si 0 .0 0 .0 0 .0 0 .0 0 .0 5 .6 8 3 .3 0 .0 11 .1
hi 3 3 .3 8 . 3 5 .6 16.7 8 .3 0 .0 0 .0 27 .8 0 .0
tS i 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 8 .3 0 .0 9 1 .7
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TABLE 12. C o n fu s io n  M a t r i c e s  f o r  N onsense S y l l a b l e  S u b t e s t  
10, A veraged O ver A l l  Speech  L e v e l s ;  Upper M a tr tx  f o r  Q u te t  
C o n d i t io n ,  Lower M a tr ix  f o r  N o ise  C o n d i t io n
QUIET
ib id ig iv -i& iz im in *3
ib 7 2 .2 1 6 .7 5 .6 5 .6 0 . 0 0 .0 0 . 0 0 . 0 0 .0
id 5 .6 5 2 .8 8 .3 16 .7 13 .9 • 2 .8 0 .0 0 . 0 0 . 0
ig 0 . 0 11 .1 8 3 .3 0 .0 5 . 6 0 .0 0 .0 0 . 0 0 . 0
iv 5 .6 1 9 . A 5 .6 8 .3 5 0 .0 0 .0 8 .3 0 . 0 2 .8
18 5 .6 1 1 .1 0 . 0 3 0 .6 5 2 .8 0 .0 0 . 0 0 . 0 0 . 0
iz 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 100 .0 0 . 0 0 . 0 0 . 0
im 5 .6 5 . 6 0 . 0 0 . 0 0 . 0 0 .0 8 3 .3 5 .6 0 .0
in 0 . 0 5 . 6 5 . 6 0 .0 0 . 0 0 . 0 0 . 0 72 .2 1 6 .7
ii3 0 . 0 0 . 0 0 . 0 11.1 0 . 0 0 .0 11.1 16 .7 6 1 .1
NOISE
ib id ig iv i& iz im in *0
ib 3 3 .3 2 5 . 0 0 . 0 19 .4 1 6 .7 5 .6 0 . 0 0 . 0 0 . 0
id 8 .3 3 8 . 9 1 3 .9 8 .3 5 . 6 5 .6 1 1 .1 2 .8 5 .6
ig 0 . 0 8 . 3 6 3 .9 5 .6 1 6 .7 0 .0 0 . 0 5 .6 0 . 0
iv 8 . 3 19.  A 1 1 .1 19 .4 13 .8 5 .6 5 .6 1 6 .7 0 . 0
i& .11.1 1 3 .9 0 . 0 1 6 .7 5 0 .0 2 .8 5 . 6 0 . 0 0 . 0
iz 0 .0 5 . 6 0 . 0 8 .3 0 . 0 77 .8 0 .0 5 . 6 2 .8
im 3 3 .3 5 . 6 5 .6 5 .6 5 .6 0 .0 2 7 .8 11.1 5 .6
in 5 .6 1 6 .7 5 . 6 11.1 0 . 0 0 .0 3 3 .3 2 2 .2 5 .6
5 .6 5 . 6 5 . 6 0 .0 0 . 0 0 .0 5 .6 16.7 6 1 .1
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TABLE 13. C onfusion M a tr ices  f o r  Nonsense S y l l a b l e  S u b te s t
11, Averaged Over A l l  Speech L e v e ls ;  Upper M atrix f o r  Q uiet
C o n d itio n , Lower M atrix f o r  N o ise  C ondition
QUIET
ub ud ug uv u3 uz urn un uq
ub 3 6 .1 2 2 .2 1 1 .1 19 .A 11 .1 0 .0 0 . 0 0 . 0 0 . 0
ud 0 . 0 6 6 . 7 0 . 0 11.1 1 1 .1 0 .0 5 .6 0 . 0 5 .6
ug 5 .6 5 . 6 7 7 .8 5 .6 5 . 6 0 .0 0 . 0 0 . 0 0 . 0
uv 27 .8 5 . 6 8 .3 3 3 .3 1 9 . A 0 .0 5 .6 0 . 0 0 .0
u& 5 .6 5 . 6 2 .8 2 .8 7 2 . 2 5 .6 0 . 0 5 . 6 0 .0
uz 0 . 0 0 . 0 0 . 0 0 .0 0 . 0 100.0 0 . 0 0 . 0 0 . 0
UD1 0 . 0 5 . 6 0 . 0 0 . 0 0 . 0 0 .0 7 2 .2 16 .7 5 .6
un 0 .0 5 . 6 0 . 0 5 .6 5 . 6 0 .0 8 .3 6 3 .9 11 .1
ui3 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 .0 3 3 .3 11 .1 5 5 .6
NOISE
ub ud ug uv u6 uz un un uq
ub 2 5 .0 3 0 . 6 2 .8 27 .8 8 .3 0 .0 5 .6 0 . 0 0 . 0
ud 5 .6 5 0 . 0 5 .6 0 .0 5 . 6 0 .0 2 2 .2 11 .1 0 . 0
ug 2 2 .2 0 . 0 2 2 .2 33 .3 5 . 6 5 .6 5 .6 0 . 0 5 .6
uv 16 .7 11.  1 11.1 5 0 .0 5 . 6 0 .0 5 .6 0 . 0 0 . 0
u5 0 . 0 5 . 6 13 .9 2 5 .0 3 0 .6 1 9 . A 0 . 0 5 . 6 0 .0
uz 0 . 0 O.G 0 . 0 0 . 0 0 . 0 100.0 0 . 0 0 . 0 0 . 0
urn 13 .9 8 . 3 16 .7 0 . 0 0 . 0 0 .0 52 .8 5 . 6 2 .8
un 5 .6 0 . 0 0 . 0 5 .6 8 .3 11.1 2 2 .2 3 0 .6 1 6 .7
Ui3 0 .0 0 . 0 0 . 0 0 . 0 0 . 0 0 .0 3 3 .3 1 6 .7 5 0 .0
TABLE 1 4 . P e r c e n t  C o r r e c t  I d e n t i f i c a t i o n  o f  N onsense  S y l l a b l e s  i n  t h e  Q u ie t  
C o n d i t io n ,  A cco rd in g  t o  C onsonan t Manner o f  A r t i c u l a t i o n ,  a s  a  F u n c t io n  o f  
C onso n an t V o ic in g  and P o s i t i o n
V o iced
V o i c e l e s s
I n i t i a l
F i n a l
T o t a l
x
P l o s i v e s  F r i c a t i v e s  N a s a l s  G l id e s  and A f f r i c a t e s
7 5 .4  6 6 .4  7 6 .8  9 2 .1  88 .3
SD 6 .0  2 5 .8  13 .0  7 .1
N 15 12 11 4 1
x 7 3 .3  7 4 .7  - -  - -  9 3 .9
SD 17 .1  2 0 .5  - -  - -  4 .7
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a r t i c u l a t i o n .  The t a b l e  shows t h a t  a f f r i c a t e s  a r e  m ost 
e a s i l y  i d e n t i f i e d ,  fo l lo w e d  c l o s e l y  by t h e  g l i d e s  and 
l i q u i d s ,  and f i n a l l y  t h e  n a s a l s  and p l o s i v e s .  F r i c a t i v e  
c o n s o n a n ts  a r e  t h e  most d i f f i c u l t  t o  i d e n t i f y ,  w i th  e s p e c i a l l y  
sm a ll  p e r c e n ta g e s  f o r  v o ic e d  f r i c a t v e s  and f r i c a t i v e s  in  t h e  
s y l l a b l e - f i n a l  p o s i t i o n .  A lth o u g h  o v e r a l l  p e r c e n ta g e s  f o r  
p l o s i v e s ,  f r i c a t i v e s ,  and n a s a l s  w ere  lo w er ,  t h e  i d e n t i f i c a ­
t i o n  o f  t h e s e  phonemes a p p e a r s  t o  im prove when in  t h e  s y l l a b l e -  
i n i t i a l  p o s i t i o n .
D ata  f o r  p e r c e n ta g e s  o f  c o r r e c t  i d e n t i f i c a t i o n  i n  
n o i s e  a r e  summarized in  T a b le  15. As in  t h e  q u i e t  c o n d i t i o n ,  
t h e  a f f r i c a t e s ,  a lo n g  w i th  t h e  g l i d e s  and l i q u i d s ,  a r e  m ost 
e a s i l y  i d e n t i f i e d ,  w i th  s c o r e s  f o r  t h e  n o i s e  c o n d i t i o n  o n ly  
s l i g h t l y  lo w er  th a n  in  q u i e t .  I d e n t i f i c a t i o n  o f  n a s a l  c o n ­
s o n a n t s ,  most n o t a b ly  in  t h e  s y l l a b l e - f i n a l  p o s i t i o n ,  a p p e a r s  
t o  be  a d v e r s e ly  a f f e c t e d  by n o i s e .  P l o s i v e  c o n s o n a n ts  a r e  
m ost d i f f i c u l t  t o  i d e n t i f y  i n  n o i s e ,  e s p e c i a l l y  th o s e  in  
t h e  s y l l a b l e - f i n a l  p o s i t i o n .  I n  t h e  n o i s e  c o n d i t i o n ,  s c o r e s  
f o r  v o i c e l e s s  f r i c a t i v e s  a r e  a  g r e a t  d e a l  lo w e r  th a n  s c o r e s  
i n  th e  q u i e t  c o n d i t i o n .  V oiced  p l o s i v e s ,  on t h e  o t h e r  hand , 
a r e  s l i g h t l y  more a f f e c t e d  by n o i s e .  As in  t h e  q u i e t  c o n d i -
TABLE 1 5 .  P e r c e n t  C o r r e c t  I d e n t i f i c a t i o n  o f  N onsense  S y l l a b l e s  i n  t h e  N o ise  
C o n d i t io n ,  A cco rd in g  t o  C onsonan t Manner o f  A r t i c u l a t i o n ,  a s  a  F u n c t io n  o f  
C onsonan t V o ic in g  and P o s i t i o n
V o iced
V o i c e l e s s
I n i t i a l
F i n a l
T o t a l
P l o s i v e s  F r i c a t i v e s N a s a l s  G l id e s  and A f f r i c a t e s  
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t i o n ,  p l o s i v e s ,  f r i c a t i v e s ,  and n a s a l s  a p p e a r  t o  be  more 
e a s i l y  i d e n t i f i e d  when in  t h e  s y l l a b l e - i n i t i a l  p o s i t i o n .
The im p o rta n c e  o f  t h e  s e l e c t i o n  o f  r e s p o n s e  f o i l s  
i s  shown by a com parison  o f  t h e  p e r c e n t  c o r r e c t  i d e n t i f i c a ­
t i o n s  o f  t h e  v o ic e d ,  s y l l a b l e - i n i t i a l  p l o s i v e s  /ba., da, ga/ 
i n  s u b t e s t s  6 and 7 (T a b le s  8 and 9 ) .  W ith  one e x c e p t io n ,  
i d e n t i f i c a t i o n  p e r c e n ta g e s  a r e  g r e a t e r  when th e  a l t e r n a t i v e  
r e s p o n s e s  c o n s i s t  o f  l i q u i d s ,  g l i d e s ,  and a f f r i c a t e s ,  a s  in  
s u b t e s t  6, r a t h e r  th a n  t h e  f r i c a t i v e s  and n a s a l s  o f  s u b t e s t  
7 .  The one e x c e p t io n  i s  t h e  s y l l a b l e  / g a /  o f  s u b t e s t  6 
w hich  h a s  a  s l i g h t l y  lo w er  p e r c e n ta g e  (85.0% ) in  n o i s e  
th a n  i t s  c o u n t e r p a r t  i n  s u b t e s t  7 (8 6 .7 % ).  N o te ,  how ever, 
t h a t  t h e  g r e a t e s t  c o n fu s io n  i n  b o th  c a s e s  i s  w i th  a n o th e r  
p l o s i v e ,  /d a /.
A n a ly s is  o f  C o n fu s io n s
I n s p e c t i o n  o f  t h e  re m a in in g  p o r t i o n  o f  t h e  m a t r ix  
r e v e a l s  t h e  p a t t e r n s  o f  c o n f u s io n s  f o r  t h e  v a r i o u s  s y l l a b l e  
s u b t e s t s  in  b o th  q u i e t  and n o i s e .  T a r g e t / r e s p o n s e  p a i r s  
w i th  c o n f u s io n  p e r c e n ta g e s  o f  10% o r  g r e a t e r  w ere  c o n s id e r e d  
f o r  a n a l y s i s .  T a b le  16 c o n t a i n s  a  summary o f  t h e  c o n f u s io n s  
m e e tin g  t h i s  c r i t e r i o n ,  a c c o rd in g  to  s y l l a b l e  s u b t e s t  t y p e .
TABLE 1 6 .  Number and P e r c e n t  o f  C onsonan t C o n fu s io n s  o f  10% o r  G r e a t e r  E r r o r  
i n  B o th  Q u ie t  and  N o ise  C o n d i t io n s ,  a s  a  F u n c t io n  o f  C onsonan t V o ic in g ,  C onsonant 
P o s i t i o n  and Vowel C o n te x t
Q u ie t  N o ise
Number o f  Number o f
C o n fu s io n s  P e r c e n t a g e  C o n fu s io n s  P e r c e n ta g e
V o ic e d  35 4 7 .9  53 4 7 .3
V o i c e l e s s  38 5 2 .1  59 5 2 .7
I n i t i a l  23 3 1 .5  37 3 3 .0
F i n a l  50 6 8 .5  75 6 7 .0
/  <a. /  22 3 0 .1  29 2 5 .9
/  u  /  29 39 .7  45 4 0 .2
/  i  /  22 3 0 .1  38 3 3 .9
T o t a l  73 1 0 0 .0  112 1 0 0 .0
159
I n  b o th  q u i e t  and n o i s e  c o n d i t i o n s ,  t h e  number o f  c o n f u s io n s  
i s  f a i r l y  e v e n ly  d i s t r i b u t e d  f o r  v o ic e d  and v o i c e l e s s  c o n ­
s o n a n ts  and f o r  t h e  t h r e e  vowel c o n t e x t s ,  w i th  s l i g h t l y  
more c o n f u s io n s  f o r  v o i c e l e s s  c o n s o n a n ts  and f o r  s u b t e s t s  
c o n t a i n i n g  t h e  vowel / u / .  However, s y l l a b l e s  in  w hich  t h e  
c o n so n a n t  o c c u r s  i n  t h e  f i n a l  p o s i t i o n  a p p e a r  to  be h ig h ly  
s u s c e p t i b l e  t o  c o n fu s io n  i n  b o th  q u i e t  and n o i s e .
S y l l a b l e  p a i r s  w i th  c o n fu s io n  p e r c e n ta g e s  o f  10% 
o r  g r e a t e r  were th e n  c a t e g o r i z e d  a c c o rd in g  t o  t h e  ty p e  o f  
e r r o r  made. C o n fu s io n s  in  w hich  th e  t a r g e t  and t h e  r e s p o n s e  
s y l l a b l e s  were p ro d u ced  by d i f f e r e n t  m anners o f  a r t i c u l a t i o n  
( e . g . ,  c o n fu s io n s  betw een f r i c a t i v e s  and p l o s i v e s )  w ere 
d e s ig n a te d  as  manner c o n f u s io n s .  C o n fu s io n s  be tw een  two 
f r i c a t i v e s ,  two p l o s i v e s ,  o r  two n a s a l s  w ere d e s ig n a te d  a s  
p l a c e  c o n f u s io n s .  F ig u re s  16 and 17 summarize t h e  numbers 
and ty p e s  o f  c o n fu s io n s  in  ea c h  c a t e g o r y  f o r  t h e  q u i e t  and 
n o i s e  c o n d i t i o n s .  The o v e r a l l  number o f  p l a c e  and manner 
c o n f u s io n s  a p p e a r s  to  be a p p ro x im a te ly  t h e  same in  t h e  
q u i e t  c o n d i t i o n ,  a s  shown by F ig u re  16 . F ig u re  17 shows 
t h a t  i n  t h e  q u i e t  c o n d i t i o n  t h e  m ost common p l a c e  c o n f u s io n s  
a r e  be tw een  p a i r s  o f  f r i c a t i v e s ,  f o l lo w e d  by c o n fu s io n s
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F ig .  16 . F req u en cy  o f  p l a c e  and manner c o n fu s io n s  
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betw een  p l o s i v e s .  Manner c o n fu s io n s  in  q u i e t  a r e  p red o m in ­
a t e l y  be tw een  f r i c a t i v e s  and p l o s i v e s .  In  n o i s e ,  F ig u re  
16 r e v e a l s  t h a t  t h e  number o f  manner c o n fu s io n s  i n c r e a s e s  
to  a  much g r e a t e r  e x t e n t  th a n  i s  t h e  c a s e  f o r  p l a c e  c o n f u s io n s  
in  n o i s e .  In  a d d i t i o n ,  F ig u r e  17 shows t h a t  t h e  m ost common 
p la c e  c o n f u s io n s  in  n o i s e  a r e  betw een p a i r s  o f  p l o s i v e s ,  
w hich  i s  n o t  t h e  c a s e  in  q u i e t .  Ranking  o f  manner c o n f u s io n  
ty p e s  re m a in s  t h e  same in  n o i s e  ( i . e . ,  f r i c a t i v e - t o - p l o s i v e  
c o n f u s io n s  m ost common), w i th  t h e  a d d i t i o n  o f  s e v e r a l  c o n ­
f u s i o n s  be tw een  n a s a l s  and th e  o t h e r  manner t y p e s .
I t  i s  im p o r ta n t  t o  n o te  a t  t h i s  t im e  t h a t  com p ariso n  
o f  c o n f u s io n s  betw een q u i e t  and n o i s e  c o n d i t i o n s ,  spoken 
o f  in  t h e s e  g e n e r a l  t e r m s ,  a l th o u g h  i n t e r e s t i n g ,  may te n d  
to  be  m i s l e a d i n g .  Com parison o f  t h e  two c o n d i t i o n s  on t h e  
b a s i s  o f  numbers o f  c o n f u s io n s  p r e s e n t s  a  h ig h ly  s i m p l i f i e d  
p i c t u r e  o f  t h i s  ty p e  o f  d a t a .  A more r e a l i s t i c  a n a l y s i s  can  
be o b t a in e d  from  th e  i n t e r p r e t a t i o n  o f  t h e  c o n fu s io n s  in  
te rm s  o f  t h e  a c t u a l  p e r c e n t a g e s .  To i l l u s t r a t e  t h i s  p o i n t ,  
t h e  m ost commonly c o n fu se d  p a i r s  o f  s y l l a b l e s ,  i n  te rm s  o f  
p e r c e n t  c o n f u s io n ,  w ere  s e l e c t e d  from  d a t a  f o r  b o th  q u i e t  
and n o i s e .  T h ese  m a jo r  c o n fu s io n s  a r e  shown i n  T a b le  17.
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TABLE 17. The Most Commonly C onfused  P a i r s  o f  N onsense 
S y l l a b l e s ,  i n  Terms o f  P e r c e n t  C o n fu s io n ,  f o r  Both Q u ie t
and N o ise C o n d i t io n s
QUIET NOISE
C o n fu s io n P e r c e n t C o n fu s io n P e r c e n t
i v / i ? 50 .0 d i / f i 5 2 .8
O i / f  i 41 .7 i f /  i 6 4 3 .3
i f / i 36.7 b a / ? a 4 0 .0
i d /  i f 3 3 .3 a f / a v 36 .7
u(j/um 3 3 .3 u p /u k 3 3 .3
i  ? /  iv 3 0 .6 f i / p i 3 3 .3
u v /u b 2 7 .8 i n /  im 3 3 .3
i p / i t 25 .0 h i / p i 3 3 .3
p u /k u 25 .0 im/ ib 3 3 .3
f u /  su 2 5 .0 urj/um 3 3 .3
u g /u v 3 3 .3
F o r  b o th  c o n d i t i o n s ,  more th a n  h a l f  (60% and 55%) o f  t h e  
c o n f u s io n s  a r e  f o r  v o ic e d  c o n s o n a n ts ,  c o n t r a r y  to  t h e  
t r e n d  s u g g e s te d  by t h e  o v e r a l l  number o f  c o n f u s io n s  (§10%) 
as  se e n  in  T a b le  16. M ajo r  c o n f u s io n s  seem to  be more common 
in  s y l l a b l e s  c o n ta in in g  t h e  vowel / i /  and l e s s  common w i th  
t h e  vowel /& / th a n  would be  i n f e r r e d  from t h e  o v e r a l l  d a t a  
o f  T a b le  16. One a l s o  f i n d s  an a p p a r e n t  c o n t r a d i c t i o n  betw een 
t h e  d a t a  shown in  T a b le  17 and t h e  d a t a  in  F ig u re  16. F i g ­
u r e  16 shows t h a t  number o f  p l a c e  and manner c o n fu s io n s  to  
be e q u i v a l e n t  in  q u i e t  b u t  v e ry  d i f f e r e n t  i n  n o i s e .  I n s p e c ­
t i o n  o f  t h e  m a jo r  c o n f u s io n s  in  T a b le  17 r e v e a l s  t h a t  in  
t h e  q u i e t  c o n d i t i o n ,  9 o f  t h e  10 c o n f u s io n s  a r e  o f  t h e  
p l a c e  c a t e g o r y  ( i . e . ,  w i t h i n  t h e  same manner c l a s s ) .  I n  t h e  
n o i s e  c o n d i t i o n ,  t h e r e  a r e  eq u a l  numbers o f  m a jo r  c o n fu s io n s  
f o r  p l a c e  and m anner.
F i n a l l y ,  i t  i s  t r u e  t h a t ,  a s  e x p e c te d ,  t h e r e  a r e  
more c o n f u s io n s  m ee tin g  t h e  10% c r i t e r i o n  i n  t h e  n o i s e  
c o n d i t i o n  (112)  th a n  in  t h e  q u i e t  c o n d i t i o n  ( 7 3 ) .  However, 
t h e  i n c r e a s e  in  t h e  number o f  c o n f u s io n s  i n  n o i s e  i s  n o t  
s im p ly  th e  r e s u l t  o f  a d d in g  39 more c o n f u s io n s  t o  t h o s e  
i s o l a t e d  f o r  t h e  q u i e t  c o n d i t i o n .  On t h e  c o n t r a r y ,  o f  t h e
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73 c o n f u s io n s  i n  q u i e t  m e e t in g  t h e  c r i t e r i o n ,  37.0% o f  them 
a r e  n o t  among th o s e  i s o l a t e d  f o r  t h e  n o i s e  c o n d i t i o n .  I n  
a d d i t i o n ,  i t  i s  q u i t e  u n d e r s t a n d a b le  t h a t  c e r t a i n  c o n f u s io n s  
i n  n o i s e  would n o t  be made in  t h e  q u i e t  c o n d i t i o n .  However, 
i t  i s  more d i f f i c u l t  t o  e x p la in  how 9 o f  t h e  112 c o n f u s io n s  
(8 .0% ) m e e tin g  t h e  c r i t e r i o n  in  t h e  n o i s e  c o n d i t i o n  showed 
h i g h e r  p e r c e n ta g e s  o f  c o n fu s io n s  i n  t h e  q u i e t  c o n d i t i o n .
The p re c e d in g  a n a l y s i s  i n d i c a t e s  t h a t  t h e r e  i s  a  
complex i n t e r a c t i o n  be tw een  e r r o r  p a t t e r n s  f o r  t h e  q u i e t  
and n o i s e  c o n d i t i o n s .  A lso ,  t h e r e  a r e  im p o r ta n t  i n t e r a c t i o n s  
in  e r r o r  p a t t e r n s  w i t h i n  t h e  commonly-used a r t i c u l a t o r y  
c a t e g o r i e s  f o r  t h e  q u i e t  and n o i s e  c o n d i t i o n s .  As n o te d  
p r e v i o u s l y ,  how ever, t h e r e  a p p e a r  to  be few i n t e r a c t i o n s  
be tw een  sp eech  l e v e l  and e r r o r  p a t t e r n s .
ACOUSTICAL MEASUREMENTS
C onsonan ts  and vow els  w h ich  a p p e a re d  ( a s  e i t h e r  
t a r g e t  o r  r e s p o n s e )  in  c o n fu s io n s  w i th  p e r c e n ta g e s  o f  10% 
o r  g r e a t e r  w ere  in c lu d e d  i n  t h e  a c o u s t i c a l  a n a l y s e s .  T h is  
a c c o u n te d  f o r  72 o f  t h e  91 d i f f e r e n t  s y l l a b l e s  w hich  make 
up t h e  n o n se n se  s y l l a b l e  s u b t e s t s .  Those s y l l a b l e s  o m i t t e d
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from  t h e  a c o u s t i c a l  a n a l y s e s  on t h i s  b a s i s  w ere  t h e  s y l l a b l e s  
c o n t a i n i n g  t h e  f r i c a t i v e  / J / ,  t h e  a f f r i c a t e s  /d ^  and t j  / ,  
t h e  g l i d e s  and l i q u i d s  / j ,  r ,  1 , w /,  t h e  p l o s i v e s  /bfl-, d a ,  go / 
o f  s u b t e s t  6, and th e  n a s a l s  /ma> n q /  o f  s u b t e s t  7 .  A l l  
o t h e r  s y l l a b l e s  were a n a ly z e d  a c c o r d in g  to  t h e  p ro c e d u re s  
o u t l i n e d  in  t h e  P ro c e d u re s  c h a p t e r .  The r e s u l t s  f o r  ea c h  
m easurem ent a r e  p r e s e n t e d  in  t h e  f o l lo w in g  s e c t i o n .
Vowel Peak F requency
The fo rm an t  f re q u e n c y  o f  t h e  vowel w hich  was found  
t o  be  t h e  h i g h e s t  in  a m p l i tu d e  (VPF) was r e c o r d e d  and i s  
summarized i n  Appendix A. I f  t h e  vowel p e a k - t o - n o i s e  r a t i o  
was found  t o  be 10 dB o r  w o rse ,  t h e  peak  w i t h  t h e  h i g h e s t  
p e a k - t o - n o i s e  r a t i o  was d e s ig n a te d  a s  t h e  vowel peak f r e q u e n ­
cy f o r  t h e  n o i s e  c o n d i t i o n .  These  m easurem ents  a l s o  a p p e a r  
in  Appendix A. The v a l u e s  f o r  t h e  q u i e t  c o n d i t i o n  r a n g e  from 
227 Hz ( F l )  f o r  t h e  vowel in  t h e  s y l l a b l e  / u n /  t o  1172 Hz 
(F2) f o r  t h e  vowel in  t h e  s y l l a b l e  /<vv/. The e f f e c t  o f  t h e  
n o i s e  on t h i s  m easurem ent i s  m ost c l e a r l y  se e n  by a  co m p ariso n  
o f  t h e  v a lu e s  f o r  s u b t e s t  3 .  The vowel peak  f re q u e n c y  was 
a s s o c i a t e d  w i t h  t h e  f i r s t  fo rm an t f o r  a l l  s y l l a b l e s  i n  t h a t  
s u b t e s t  in  t h e  q u i e t  c o n d i t i o n .  However, t h e  s p e c t r a l
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c h a r a c t e r i s t i c s  o f  t h e  n o i s e  r e s u l t e d  in  a  s i g n i f i c a n t l y  
p o o r e r  p e a k - t o - n o i s e  r a t i o  f o r  t h e  lo w er  fo rm a n t  p eak s  
th a n  f o r  t h e  h ig h e r  fo rm a n t  p e a k s .  Thus, t h e  vowel peak  
f r e q u e n c i e s  f o r  t h e s e  s y l l a b l e s  i n  t h e  n o i s e  c o n d i t i o n  a r e  
th o s e  a s s o c i a t e d  w i th  t h e  second fo rm a n t .
Second Formant T r a n s i t i o n
T hree  m easurem ents  w ere made on t h e  second fo rm a n t  
t r a n s i t i o n .  The o r i g i n  f re q u e n c y  (ORIG) o f  t h e  second  
fo rm a n t t r a n s i t i o n ,  a s  w e l l  as  t h e  m ag n itu d e  (MAG) and 
d i r e c t i o n  (DIR) o f  t h e  t r a n s i t i o n  was m easu red , a c c o rd in g  
to  t h e  p ro c e d u re s  d e s c r ib e d  p r e v i o u s l y .  The r e s u l t s  o f  
t h e s e  t h r e e  m easurem ents  a r e  summarized f o r  t h e  q u i e t  and 
n o i s e  c o n d i t i o n s  in  Appendix B. The o r i g i n  f re q u e n c y  v a lu e s  
f o r  t h e  q u i e t  c o n d i t i o n  ra n g e  from 684 Hz f o r  t h e  o r i g i n  
o f  t h e  t r a n s i t i o n  in  t h e  s y l l a b l e  / u f /  to  2702 Hz f o r  t h e  
o r i g i n  o f  t h e  t r a n s i t i o n  in  t h e  s y l l a b l e  / i q/ . The magni­
tu d e  o f  t h e  t r a n s i t i o n s  in  q u i e t  r a n g e  from 0 Hz f o r  t h o s e  
s y l l a b l e s  in  w hich  no t r a n s i t i o n  c o u ld  be i s o l a t e d  t o  
554 Hz f o r  t h e  t r a n s i t i o n  in  t h e  s y l l a b l e  / s i / .  D i r e c t i o n  
o f  t h e  t r a n s i t i o n  was e i t h e r  r i s i n g  ( + ) ,  f a l l i n g  ( - ) ,  o r  
no change  ( 0 ) .
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As n o te d  i n  t h e  P ro c e d u re s  s e c t i o n ,  i f  t h e  n o i s e  
spec trum  exceeded  t h e  fo rm a n t peak , t h i s  th e n  a f f e c t e d  t h e  
e s t im a te d  s t a r t  o f  t h e  fo rm a n t  t r a n s i t i o n .  A change  in  
t h e  o r i g i n  o f  t h e  f re q u e n c y  t r a n s i t i o n  a l s o  p ro d u c e s  a 
su b se q u e n t  change in  t h e  m ag n itu d e  o f  t h e  t r a n s i t i o n .  
C o n s id e r  t h e  s y l l a b l e  / 0 i /  by way o f  an exam ple. The e x t e n t  
o f  t h e  t r a n s i t i o n  in  q u i e t  i s  from t h e  o r i g i n  f re q u e n c y  
1790 Hz to  2279 Hz (m a g n itu d e  = 489 H z ) . However, t h e  
spec trum  o f  t h e  n o i s e  c au sed  t h e  p r e v i o u s l y - d e s i g n a t e d  
o r i g i n  f re q u e n c y  t o  be m asked. As t h e  t r a n s i t i o n  r i s e s  
in  f re q u e n c y ,  t h e  fo rm an t peak  r i s e s  above t h e  s h a r p ly -  
f a l l i n g  n o i s e  sp e c tru m . Thus, t h e  o r i g i n  o f  t h e  t r a n s i t i o n  
in  n o i s e  a p p e a rs  t o  be h i g h e r  in  f r e q u e n c y .  The e x t e n t  o f  
t h e  t r a n s i t i o n  in  n o i s e  i s  from th e  new o r i g i n  f re q u e n c y  
2018 Hz t o  2279 Hz (m a g n itu d e  = 261 H z ) . I f  t h e  n o i s e  i s  
s u f f i c i e n t  to  mask t h e  e n t i r e  e x t e n t  o f  t h e  t r a n s i t i o n  
( a s  in  / u s / ) ,  a  v a lu e  o f  0 Hz i s  a s s ig n e d  to  t h e  m ag n itu d e  
o f  t h e  t r a n s i t i o n .  D i r e c t i o n  o f  t h e  t r a n s i t i o n  does  n o t  
change in  n o i s e ,  e x c e p t  f o r  t h e  c a s e s  i n  w hich  t h e  e n t i r e  
t r a n s i t i o n  i s  masked.
C onsonant S p e c t r a l  Peaks
Two h i g h e s t  peaks  (C F l ,  CF2) in  t h e  f re q u e n c y  s p e c ­
trum  f o r  each  c o n so n a n t  w ere  r e c o r d e d . M easurem ents  f o r  
t h e  q u i e t  and n o i s e  c o n d i t i o n s  a r e  summ arized i n  Appendix C. 
The d e c i s i o n  to  change t h e  d e s ig n a te d  c o n so n a n t  peak  f r e q u e n ­
cy f o r  t h e  n o i s e  c o n d i t i o n  was made a c c o rd in g  t o  t h e  c r i t e r ­
io n  p r e v i o u s l y  o u t l i n e d .  V a lu e s  in  q u i e t  r a n g e  from 391 Hz 
f o r  t h e  c o n so n a n t  i n  t h e  s y l l a b l e  / p u /  to  8236 Hz f o r  t h e  
c o n so n a n t  in  t h e  s y l l a b l e  / i f / . The e f f e c t  o f  t h e  n o i s e  
was m ost a p p a re n t  i n  c o n s o n a n ts  w hich c o n ta in e d  lo w er  
f re q u e n c y  s p e c t r a l  p e a k s ,  due to  t h e  s p e c t r a l  c h a r a c t e r i s t i c s  
o f  t h e  n o i s e .  When a change  from t h e  q u i e t  m easurem ent was 
i n d i c a t e d ,  due t o  t h e  m asking  o f  a p e a k ,  t h e  s p e c t r a l  peak  
w hich  re m a in ed  s i g n i f i c a n t l y  above t h e  n o i s e  was t a k e n  as  
t h e  c o n s o n a n t  s p e c t r a l  peak  f o r  t h e  n o i s e  c o n d i t i o n .  A gain , 
a s  a  r e s u l t  o f  t h e  s p e c t r a l  c h a r a c t e r i s t i c s  o f  t h e  n o i s e ,  
t h e  n e w ly - d e s ig n a te d  peak  was u s u a l l y  a t  a h i g h e r  f re q u e n c y  
th a n  t h e  m easurem ent in  t h e  q u i e t  c o n d i t i o n .
O v e r a l l  C o n so n an t-N o ise  B andw idth
M easurem ents  o f  c o n s o n a n t - n o i s e  ban d w id th  (BW) i n  
t h e  q u i e t  c o n d i t i o n  w ere c a r r i e d  o u t  a c c o rd in g  t o  t h e
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p r o c e d u re s  p r e v i o u s l y  d e s c r i b e d .  The r e s u l t s  o f  t h e s e  
e s t i m a t e s  a r e  summarized i n  Appendix D. Bandw idth  o f  t h e  
co n so n a n t  n o i s e  was c a l c u l a t e d  by s u b t r a c t i n g  t h e  low er  
c u t o f f  f re q u e n c y  from t h e  u p p e r  c u t o f f  f r e q u e n c y .  The 
r e s u l t s  r a n g e  from a b an d w id th  o f  400 Hz f o r  t h e  co n so n a n t  
in  t h e  s y l l a b l e  / u b /  to  a b an d w id th  o f  5267 Hz f o r  t h e  
co n so n a n t  in  t h e  s y l l a b l e  /a.f /  .
C ro s so v e r  F requency
F o r  t h e  n o i s e  c o n d i t i o n ,  t h e  m easurem ent o f  c o n so n a n t  
b an d w id th  was r e p l a c e d  by t h a t  o f  c r o s s o v e r  f re q u e n c y  (X F ), 
a s  e x p la in e d  in  t h e  P ro c e d u re s  c h a p t e r .  The r e s u l t s  o f  
t h e s e  e s t i m a t e s ,  f o r  t h e  n o i s e  c o n d i t i o n  o n ly ,  a r e  summ arized 
in  A ppendix E. The lo w e s t  c r o s s o v e r  f re q u e n c y  was e s t im a te d  
a t  667 Hz f o r  t h e  c o n so n a n t  ¥  in  t h e  s y l l a b l e s  / « . y  and 
/ i f ) / .  T h is  im p l ie s  t h a t  t h e  sp ec tru m  o f  t h e  co n so n a n t  A )/ 
above 667 Hz l i e s  above t h e  n o i s e  s p e c tru m . The h i g h e s t  
c r o s s o v e r  f re q u e n c y  was e s t i m a t e d  a t  3533 Hz f o r  t h e  c o n so n ­
a n t  i n  t h e  s y l l a b l e  / i z / .  I n  t h i s  c a s e ,  t h e  sp ec tru m  o f  / z /  
below  3533 Hz was embedded i n  n o i s e .  Above 3533 Hz, t h e  
c o n so n a n t  spec tru m  l i e d  above t h e  n o i s e  sp e c tru m .
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T o ta l  Energy  o f  Consonant and Vowel
R e s u l t s  o f  t h e  c o n so n a n t  e n e rg y  (CE) and vowel 
en ergy  (VE) c a l c u l a t i o n s  a p p e a r  in  Appendix  F . The c o n so n ­
a n t  e n e rg y  v a lu e s  r e p o r t e d  a r e  i n  dB r e :  t h e  w ea k e s t  c o n ­
so n a n t  ( / h i / ) .  R e l a t i v e  t o  t h a t  l e v e l ,  t h e  c o n so n a n t  h a v in g  
t h e  h i g h e s t  t o t a l  en e rg y  i s  t h e  c o n so n a n t  in  t h e  s y l l a b l e  
/ s o /  ( 3 0 .5  dB r e i  / h i / ) .
R e s u l t s  o f  t h e  vowel en ergy  m easu rem en ts ,  r e c o rd e d  
in  dB r e l a t i v e  t o  t h e  w e a k e s t  vow el, r a n g e  from 0 .0  dB f o r  
t h e  vowel i n  t h e  s y l l a b l e  / 1 0 /  to  9 .5  dB f o r  t h e  vowel in  
t h e  s y l l a b l e  /  iV. Note t h a t  t h e  r a n g e  o f  v a lu e s  f o r  t h e  
vow els i s  much n a r ro w e r  th a n  t h a t  f o r  t h e  c o n s o n a n ts .
In  a d d i t i o n ,  t h e  r a n g e  o f  v a lu e s  o f  vowel en e rg y  f o r  s y l l a b l e s  
w i t h i n  ea c h  s u b t e s t  i s  n a r ro w e r  th a n  f o r  c o n s o n a n ts .
C o n s o n a n t - to - n o i s e  r a t i o  (C/N) and v o w e l - to - n o i s e  
r a t i o  (V/N) a r e  summarized i n  Appendix G. M easurem ents 
o f  c o n s o n a n t - t o - n o i s e  r a t i o  ra n g e d  from  - 2 1 .8  dB f o r  t h e  
co n so n a n t  in  t h e  s y l l a b l e  / d k /  to  9 .9  dB f o r  t h e  co n so n a n t  
i n  t h e  s y l l a b l e  / s i / .  The l a c k  o f  d i r e c t  r e l a t i o n s h i p  b e ­
tween c o n so n a n t  e n e rg y  and c o n s o n a n t - t o - n o i s e  r a t i o  i s  due 
t o  t h e  v a r i a b i l i t y  in  t h e  a v e ra g e  l e v e l  o f  t h e  background
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n o i s e  w hich  accom panies  e ach  s y l l a b l e .  T h is  h o ld s  t r u e  
f o r  t h e  v o w e l - to - n o i s e  r a t i o  m easurem ents  w hich  r a n g e  from  
- 2 .0  dB f o r  t h e  vowel in  t h e  s y l l a b l e  / h u /  to  1 2 .6  dB f o r  t h e  
vowel i n  t h e  s y l l a b l e  / o .b / .
D u ra t io n s
D u ra t io n s  o f  t h e  c o n s o n a n ts  (CD), vow els (VD), and 
c l o s u r e s  (CLD) a r e  p r e s e n t e d  in  Appendix  H. The r e s u l t s  o f  
t h e s e  m easurem ents  a r e  a s  f o l l o w s .  The s h o r t e s t  c o n so n a n t  
(13  msec) i s  t h e  / b /  w hich  a p p e a r s  in  t h e  s y l l a b l e  / b 0 / .
The l o n g e s t  co n so n a n t  (374 msec) i s  t h e  A}/ in  t h e  s y l l a b l e  
/ i r j / .  As i s  t h e  c a s e  f o r  co n so n a n t  e n e rg y ,  t h e  r a n g e  o f  
v a lu e s  w i th in  e ach  s u b t e s t  i s  l a r g e  f o r  c o n so n a n t  d u r a t i o n .  
Vowel d u r a t i o n s ,  on t h e  o t h e r  hand, a p p e a r  to  be q u i t e  
s i m i l a r  w i t h i n  each  s u b t e s t .  The s h o r t e s t  vowel (133  msec) 
i s  t h e  vowel in  t h e  s y l l a b l e  / u p / .  The l o n g e s t  vowel 
(372 msec) i s  t h e  vowel /<V w hich  a p p e a r s  in  t h e  s y l l a b l e  / d a / .
C lo s u re  d u r a t i o n s  r a n g e  from 76 msec in  t h e  s y l l a b l e  
/ i g /  t o  145 msec f o r  t h e  s y l l a b l e  / u p / .  D i f f e r e n c e s  in  c l o s u r e  
d u r a t i o n s  betw een  s y l l a b l e s  i n  t h e  same s u b t e s t  a r e  s m a l l .
The same s e t  o f  d u r a t i o n  m easurem ents  r e p r e s e n t  b o t h  
t h e  q u i e t  and n o i s e  c o n d i t i o n s .
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PREDICTIONS
P r e d i c t i n g  P e r c e n t  C o r r e c t  I d e n t i f i c a t i o n s
The d a t a  p r e s e n te d  in  t h e  f i r s t  two s e c t i o n s  o f  
t h i s  c h a p t e r  s e rv e d  as  t h e  b a s i s  f o r  f u r t h e r  a n a l y s e s .
The p u rp o se  o f  t h e s e  a n a ly s e s  was to  d e te rm in e  t h e  s e t  
o f  a c o u s t i c a l  v a r i a b l e s  w hich  would p r o v id e  t h e  b e s t  
p r e d i c t i o n s  o f  p e r c e n t  c o r r e c t  i d e n t i f i c a t i o n  o f  n o n se n se  
s y l l a b l e s  in  q u i e t  and i n  n o i s e .
The f i r s t  s t e p  in  t h e  a n a l y s i s  was t h e  co m p u ta t io n  
o f  P e a r s o n  product-m om ent c o r r e l a t i o n  c o e f f i c i e n t s .  T a b le  
18 p r o v id e s  a  l i s t  o f  t h e  a c o u s t i c a l  v a r i a b l e s  a s  m easured  
in  q u i e t  t h a t  w ere  most h i g h l y  c o r r e l a t e d  w i th  t h e  p e r c e n t ­
age o f  c o r r e c t  i d e n t i f i c a t i o n s  in  q u i e t .  A l a r g e  p o s i t i v e  
c o r r e l a t i o n  ( e . g . ,  betw een m ag n itu d e  and p e r c e n t  c o r r e c t  
in  s u b t e s t  1) im p l i e s  t h a t  t h e  two v a r i a b l e s  t e n d  to  i n c r e a s e  
( o r  d e c r e a s e )  t o g e t h e r .  T h a t  i s ,  a s  t h e  m ag n itu d e  o f  t h e  
second  fo rm an t t r a n s i t i o n  i n c r e a s e s ,  t h e  i d e n t i f i c a t i o n  
p e r c e n ta g e  i n c r e a s e s .  C o e f f i c i e n t  v a lu e s  c l o s e r  to  ze ro  
imply t h e  a b se n c e  o f  a m onoton ic  r e l a t i o n s h i p  betw een two 
v a r i a b l e s .  A n e g a t i v e  c o r r e l a t i o n  ( e . g . ,  be tw een  vowel d u r ­
a t i o n  and p e r c e n t  c o r r e c t  in  s u b t e s t  4) im p lie d  an i n v e r s e
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TABLE 18. P e a r s o n  C o r r e l a t i o n  C o e f f i c i e n t s  and S i g n i f i c a n c e  
L e v e l s  f o r  S e l e c t e d  A c o u s t ic  V a r i a b l e s  M easured  in  Q u ie t  
C o r r e l a t e d  w i t h  P e r c e n t  C o r r e c t  I d e n t i f i c a t i o n  in  Q u ie t ,
By S y l l a b l e  S u b t e s t
l a b l e A c o u s t ic
i t e s t V a r i a b l e r
1 MAG 0 .8 2
2 VPF 0 .8 0
3 CF1 -0 .8 0
4 CF2 -0 .7 0
VD -0 .8 6
5 CF2 0 .7 3
CD 0 .6 8
7 VD 0 .7 4
ORIG 0 .7 3
8 CF2 0 .7 1
9 CE 0 .5 5
10 MAG 0 .4 8
11 MAG 0 .5 5
S i g n i f i c a n c e
“ ^  .05 
* *  <  .01
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r e l a t i o n s h i p  be tw een  t h e  two v a r i a b l e s .  That i s ,  a s  t h e  
d u r a t i o n  o f  t h e  vowel becomes lo n g e r ,  t h e  p e r c e n ta g e  o f  
c o r r e c t  i d e n t i f i c a t i o n  d e c r e a s e s .  N o te  a l s o  t h a t  a  m a j o r i t y  
o f  t h e  c o r r e l a t i o n  c o e f f i c i e n t s  w i th  a c o u s t i c a l  v a r i a b l e s  
in  q u i e t  d id  n o t  r e a c h  e i t h e r  t h e  0 .0 5  o r  0 .01 l e v e l  o f  
s i g n i f i c a n c e .
T a b le  19 p r e s e n t s  t h e  P e a r so n  c o r r e l a t i o n  c o e f f i c i e n t s  
betw een  t h e  a c o u s t i c a l  v a r i a b l e s  a s  m easu red  i n  t h e  n o i s e  
c o n d i t i o n  and t h e  p e r c e n ta g e  o f  c o r r e c t  i d e n t i f i c a t i o n s  f o r  
each  s u b t e s t  in  n o i s e .  N ote  t h a t  c o n so n a n t  e n e rg y  (CE) and 
c o n s o n a n t - t o - n o i s e  r a t i o  (C/N) a p p e a r  t o  have l a r g e  p o s i t i v e  
c o r r e l a t i o n s  w i th  p e r c e n t  c o r r e c t  in  n o i s e .  Vowel en e rg y  
(VE) and v o w e l - to - n o i s e  r a t i o  (V /N ) , however, a r e  n e g a t i v e l y  
c o r r e l a t e d  w i th  p e r c e n t  c o r r e c t  in  n o i s e .  As f o r  co n so n a n t  
s p e c t r a l  peaks  (CFl and C F 2), f o r  some s u b t e s t s ,  a s  t h e  
peak  f re q u e n c y  becomes h ig h e r  t h e  p e r c e n t  c o r r e c t  i d e n t i f i c ­
a t i o n  a l s o  becomes g r e a t e r  ( s u b t e s t s  5 and 8 in  q u i e t ;  s u b ­
t e s t s  5 and 10 in  n o i s e ) .  I n  o t h e r  s u b t e s t s ,  an i n c r e a s e  
in  t h e  f re q u e n c y  o f  t h e  peak  i s  a s s o c i a t e d  w i th  a d e c r e a s e  
in  t h e  i d e n t i f i c a t i o n  p e r c e n t  ( s u b t e s t s  3 and 4 f o r  q u i e t  
and n o i s e ) . One p o s s i b l e  e x p l a n a t i o n  f o r  t h i s  n e g a t i v e
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TABLE 19 . P e a r so n  C o r r e l a t i o n  C o e f f i c i e n t s  and S i g n i f i c a n c e  
L e v e ls  f o r  S e l e c t e d  A c o u s t ic  V a r i a b l e s  M easured  in  N o ise  
C o r r e l a t e d  w i t h  P e r c e n t  C o r r e c t  I d e n t i f i c a t i o n  in  N o is e ,
By S y l l a b l e  S u b t e s t
S y l l a b l e  A c o u s t ic
S u b t e s t  V a r i a b l e  r  S i g n i f i c a n c e
1 VN -0 .7 7
2 CE 0 .9 5 **
CN 0.87 *
3 CF1 -0 .8 4 A
4 CF2 -0 .7 0 /»
5 CF2 0 .8 3 *
XF 0 .9 1 **
ORIG 0 .8 4 *
7 CN 0.79 •X ,
8 ORIG 0 .9 1
CN 0 .6 8
9 VD 0 .7 1
CE 0.87 *
CN 0.9 1
10 CF1 0 .4 4
11 VE -0 .6 4
* < .05 
* *  <  .01
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c o r r e l a t i o n  em erges from an e x a m in a t io n  o f  t h e  f re q u e n c y -  
g a in  c h a r a c t e r i s t i c s  o f  t h e  t r a n s d u c e r  u se d  in  t h e  l i s t e n i n g  
e x p e r im e n t  ( s e e  F ig u r e  6 ) .  I t  i s  p o s s i b l e  t h a t  t h e  in fo rm a ­
t i o n  p r o v id e d  by t h e  co n so n a n t  s p e c t r a l  peak v a r i a b l e  was 
r e d u c e d  when i t s  v a lu e  r o s e  above t h e  u p p e r  c u t o f f  f r e q u e n c y  
o f  t h e  ea rp h o n e .
The n e x t  s t e p  in  t h e  a n a l y s i s  was to  u s e  t h e  in fo rm a ­
t i o n  p r o v id e d  by t h e  c o r r e l a t i o n a l  a n a ly s e s  to  f i n d  a s im p le  
summary o f  t h e  l i n e a r  r e l a t i o n s h i p  be tw een  t h e  a c o u s t i c a l  
v a r i a b l e s  and p e r c e n t  c o r r e c t  i d e n t i f i c a t i o n .  The s t a t i s t i c a l
p ro c e d u re  known as  l e a s t - s q u a r e s  l i n e a r  r e g r e s s i o n  i s  commonly
2u sed  f o r  t h i s  p u rp o s e .  I n  r e g r e s s i o n  a n a ly s e s ,  R , t h e  
sq u a re  o f  t h e  c o r r e l a t i o n  c o e f f i c i e n t ,  i s  u sed  a s  a  m easu re  
o f  t h e  p r o p o r t i o n  o f  t h e  v a r i a n c e  in  one v a r i a b l e  e x p la in e d  
by t h e  o t h e r  v a r i a b l e .  V a r ia n c e  i s  " e x p la in e d "  in  c o r r e l a t i o n  
a n a ly s e s  by l i n k i n g  t h e  v a r i a t i o n  in  one v a r i a b l e  w i th  t h e  
v a r i a t i o n  in  a n o th e r .
The s im p le  r e g r e s s i o n  p ro c e d u re  would n o t  be a p p r o ­
p r i a t e  f o r  t h e  ty p e  o f  a n a ly s e s  n eed ed  f o r  t h i s  s tu d y .  The 
m u l t i p l e  r e g r e s s i o n ,  on t h e  o t h e r  hand , i s  a  p ro c e d u re  w h ich  
f i n d s  t h e  b e s t  l i n e a r  p r e d i c t i o n  e q u a t io n  and i t s  a c c u ra c y
o f  p r e d i c t i o n  from a number o f  in d e p e n d e n t  v a r i a b l e s
( i . e . ,  a c o u s t i c a l  m easurem ents)  w hich  a r e  w e ig h te d  and
summed t o  o b t a i n  t h e  b e s t  p r e d i c t i o n  o f  t h e  d ep en d en t
v a r i a b l e  ( i . e . ,  p e r c e n t  c o r r e c t  i d e n t i f i c a t i o n s ) .  From
th e  m u l t i p l e  r e g r e s s i o n ,  a  s t a t i s t i c  i s  g e n e r a te d  w hich
r e l a t e s  t h e  a c c u ra c y  o f  t h e  p r e d i c t i o n  e q u a t io n  and how
much o f  t h e  v a r i a t i o n  in  t h e  d ep en d en t  v a r i a b l e  i s  a c c o u n te d
f o r  by t h e  combined i n f l u e n c e  o f  t h e  in d e p e n d e n t  v a r i a b l e s .
I t  may e v a l u a t e  t h e  c o n t r i b u t i o n  o f  a  s p e c i f i c  v a r i a b l e
and, b a s e d  on t h i s  e v a l u a t i o n ,  may d e l e t e  t h e  in d e p e n d e n t
v a r i a b l e s  w hich  do n o t  add s i g n i f i c a n t l y  to  t h e  a c c u ra c y
o f  t h e  p r e d i c t i o n .  E v a lu a t io n  o f  t h e  F r a t i o  f o r  th e
r e g r e s s i o n  e q u a t io n  p r o v id e s  a s i g n i f i c a n c e  t e s t  f o r  t h e s e
2
m e a su re s ,  i . e . ,  t h e  p r o b a b i l i t y  t h a t  t h e  m easured  R o f  t h e
e q u a t io n  i s  a  r e s u l t  o f  sam p lin g  f l u c t u a t i o n  o r  e r r o r s .
The F r a t i o  f o r  t h e  r e g r e s s i o n  c o e f f i c i e n t s  ( t h e  s lo p e  o f
t h e  r e g r e s s i o n  l i n e ,  o r  B) g iv e s  a  m easu re  o f  s t a t i s t i c a l
s i g n i f i c a n c e  f o r  each  v a r i a b l e  in  t h e  p r e d i c t i o n  e q u a t io n
t r e a t e d  i n d i v i d u a l l y .
The m u l t i p l e  l i n e a r  r e g r e s s i o n  p ro c e d u re  u sed  in  t h e
2
p r e s e n t  s tu d y  i s  known a s  t h e  Maximum R Improvement
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p ro c e d u re  ( B a r r ,  e t  a l . ,  1 9 7 6 ) .  The f i r s t  s t e p  i n  t h i s
p ro c e d u re  i s  to  d e te rm in e  t h e  o n e - v a r i a b l e  r e g r e s s i o n
2
e q u a t io n  w h ich  p r o v id e s  t h e  h i g h e s t  R , o r  t h e  h i g h e s t
p r o p o r t i o n  o f  t h e  e x p la in e d  v a r i a b i l i t y .  The n e x t  s t e p
i s  t o  f i n d  t h a t  c o m b in a t io n  o f  two v a r i a b l e s  w hich  would
2r e s u l t  i n  an e q u a t io n  w i th  maximum in c re m e n t  in  R . T h is
c o n t in u e s  f o r  t h r e e - v a r i a b l e  p r e d i c t i o n  m odels ,  f o u r - v a r i a b l e
m odels ,  and so on u n t i l  a l l  v a r i a b l e s  a r e  in  t h e  e q u a t i o n .
F o r  t h i s  s tu d y ,  v a r i a b l e s  w ere  a l lo w e d  i n t o  t h e
e q u a t io n  o n ly  u n t i l  su ch  t im e  a s  t h e  e n t r a n c e  o f  a  v a r i a b l e
r e s u l t e d  in  an i n c r e a s e  in  t h e  s i g n i f i c a n c e  o f  t h e  F r a t i o
f o r  t h e  r e g r e s s i o n  e q u a t io n  t o  be above a  s i g n i f i c a n t
l e v e l  ( 0 . 1 ) .  E n try  i n t o  t h e  model was a l s o  r e s t r i c t e d  i f
t h e  v a r i a b l e  r e s u l t e d  in  s t a t i s t i c a l l y  i n s i g n i f i c a n t
r e g r e s s i o n  c o e f f i c i e n t s .  F i n a l l y ,  a  s i g n i f i c a n t  in c re m e n t  
2in  R had to  be a r e s u l t  o f  t h e  v a r i a b l e ' s  e n t r y  in  t h e
e q u a t io n  f o r  i t  to  be in c lu d e d .
T a b le  20 shows a l i s t  o f  t h e  a c o u s t i c a l  v a r i a b l e s
( a s  m easured  in  q u i e t )  in  t h e  e q u a t io n s  u se d  to  p r e d i c t
2
p e r c e n t  c o r r e c t  i d e n t i f i c a t i o n  in  q u i e t .  The R i s  shown 
f o r  each  model ( e i t h e r  t h e  1, 2, o r  3 v a r i a b l e  m odel) and
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TABLE 20 . R and S i g n i f i c a n c e  L e v e ls  f o r  A c o u s t ic  
V a r i a b l e s  M easured  in  Q u ie t  E n te r e d  i n t o  t h e  E q u a tio n  
P r e d i c t i n g  P e r c e n t  C o r r e c t  I d e n t i f i c a t i o n  i n  Q u ie t ,  
by S y l l a b l e  S u b t e s t  ( s i g n i f i c a n c e  r e f e r s  to  r e g r e s s i o n  
e q u a t io n  c o n t a i n i n g  t h e  e n t e r e d  v a r i a b l e s )
S y l l a b l e
S u b t e s t
A c o u s t ic
V a r i a b l e R2




0 .6 4 6
0 .897








0 .7 4 8
0 .8 3 3
0 .8 9 9
5 CF2 0 .5 2 6
7 (CF2) ( 0 .5 3 7 )
8 BW
BW.CFl
0 .6 9 5
0 .797
9 (CE) ( 0 .3 0 7 )
10 (MAG) ( 0 .2 3 5 )
11 DIR 0 .3 8 4
S i g n i f i c a n c e
* <  .05
* *  <  .01
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t h e  l e v e l  o f  s t a t i s t i c a l  s i g n i f i c a n c e  w hich  was met f o r
t h e  p r e d i c t i o n  e q u a t io n .  R e g re s s io n  e q u a t io n s  f o r  s u b t e s t s
27 , 9, and 10, w i th  R r e p o r t e d  in  p a r e n t h e s e s ,  d id  n o t  
r e a c h  t h e  0 .1  l e v e l  o f  s i g n i f i c a n c e .  The " b e s t "  p r e d i c t o r  
o f  p e r c e n t  c o r r e c t  in  q u i e t  a p p e a r s  to  be  t h e  p r e d i c t i o n  
o f  c o r r e c t  s c o re s  f o r  s u b t e s t  3 by t h e  v a lu e s  f o r  t h e  
c o n so n an t  s p e c t r a l  p eak  (CFl) and th e  co n so n a n t  e n e rg y  (CE), 
(R2 = 0 .9 8 0 )  .
T a b le  21 p r e s e n t s  t h e  a c o u s t i c a l  v a r i a b l e s  ( a s  
m easured  in  n o is e )  u se d  to  p r e d i c t  t h e  d ep en d en t  v a r i a b l e  
o f  p e r c e n t  c o r r e c t  i d e n t i f i c a t i o n  in  n o i s e .  I t  a p p e a r s  t h a t  
t h e r e  a r e  more "good" p r e d i c t o r s  o f  p e r c e n t  c o r r e c t  in  n o i s e  
th a n  f o r  t h e  q u i e t  c o n d i t i o n .  The two " b e s t "  p r e d i c t i o n s  
o f  c o r r e c t  s c o re s  in  n o i s e  a p p e a r  to  be t h e  p r e d i c t i o n  o f  
c o r r e c t  s c o r e s  f o r  s u b t e s t  8 by th e  v a lu e s  f o r  c o n s o n a n t - to -  
n o i s e  r a t i o  (C /N ), c o n so n an t  en e rg y  (CE), and co n so n a n t  
d u r a t io n  (CD), (R2 = 0 .9 9 9 ) ,  and t h e  p r e d i c t i o n  f o r  s u b t e s t  
5 by t h e  v a lu e s  f o r  c o n so n a n t  s p e c t r a l  peak  (C Fl) and 
co n so n an t  en e rg y  (C E), (R = 0 .9 9 3 ) .
The f i n a l  s t e p  in  t h e  p r e d i c t i o n  o f  p e r c e n t  c o r r e c t  
i d e n t i f i c a t i o n  was t o  d e te rm in e  th e  one s e t  o f  a c o u s t i c a l
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TABLE 21 . R and S i g n i f i c a n c e  L e v e ls  f o r  A c o u s t ic  
V a r i a b l e s  M easured  in  N o ise  E n te r e d  i n t o  t h e  E q u a tio n  
P r e d i c t i n g  P e r c e n t  C o r r e c t  I d e n t i f i c a t i o n  in  N o ise ,  
by S y l l a b l e  S u b t e s t  ( s i g n i f i c a n c e  r e f e r s  t o  r e g r e s s i o n  
e q u a t i o n  c o n t a i n i n g  t h e  e n t e r e d  v a r i a b l e s )
S y l l a b l e A c o u s t ic 2
S u b t e s t V a r i a b l e R S i g n i f i c a n c e
1 VN 0 .6 6 2
2 CE 0 .9 0 3 4\ A
CE, CN 0.967 A A
3 CFl 0 .7 0 3 A
C F l , CN 0 .9 3 6 A
CFl,CN,MAG 0 .9 8 5 *
4 CF2 0 .4 8 3 4S
C F l, VD 0 .6 2 5
5 XF 0 .8 2 8 AA
C F l, CE 0 .9 9 3 ✓V /V 4%
7 CN 0 .6 2 6
CN,CE 0 .9 6 4 4\ 4\
8 CN 0 .8 7 2 *
CN.ORIG 0 .9 4 3
CN, CE, CD 0.999 irk
9 CN 0 .8 2 3 irk
CN.VE 0.917 k-k
10 (C F l) ( 0 .1 9 6 )
11 VE 0 .4 1 4
CE, VE 0 .6 1 2
* < .05
* *  <  .01
* * *  <  .001
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v a r i a b l e s  and t h e i r  a s s o c i a t e d  w e ig h t in g s  which would 
p r o v id e  t h e  b e s t  e q u a t io n  to  p r e d i c t  p e r c e n t  c o r r e c t  i d e n t ­
i f i c a t i o n  o v e r  a l l  s u b t e s t s .  A c o u s t i c a l  v a r i a b l e s  i n  t h e  
p r e d i c t i o n  e q u a t io n s  f o r  q u i e t  ( T a b le  20) w ere  r a n k  o rd e re d  
a c c o rd in g  to  number o f  o c c u r r e n c e s .  A s i m i l a r  r a n k in g  was 
made f o r  a c o u s t i c a l  v a r i a b l e s  ( f ro m  T a b le  21) in  t h e  
e q u a t io n s  p r e d i c t i n g  t h e  n o i s e  d a t a .  V a r i a b l e s  o c c u r r in g  
in  t h e  m ost number o f  e q u a t io n s  w ere s e l e c t e d .  The two 
s e t s  o f  s e l e c t e d  v a r i a b l e s  a r e  a s  f o l lo w s :
P r e d i c t i n g  P e r c e n t  C o r r e c t  I d e n t i f i c a t i o n  in  Q u ie t :
F i r s t  C onsonant S p e c t r a l  Peak  
Second C onsonant S p e c t r a l  Peak  
C onsonant Energy
M agn itude  o f  t h e  Second Form ant T r a n s i t i o n  
O v e r a l l  C o n so n an t-N o ise  B andw idth
P r e d i c t i n g  P e r c e n t  C o r r e c t  I d e n t i f i c a t i o n  in  N o ise :
C o n s o n a n t - to -N o is e  R a t io  
C onsonant Energy 
F i r s t  C onsonant S p e c t r a l  Peak  
Vowel Energy
A com parison  o f  v a r i a b l e s  i s o l a t e d  f o r  p r e d i c t i n g  
p e r c e n t  c o r r e c t  i d e n t i f i c a t i o n  i n  t h e  q u i e t  v s .  t h e  n o i s e  
c o n d i t i o n s  r e v e a l s  some s i m i l a r i t i e s .  B o th  p r e d i c t i o n s  
u s e  t h e  v a r i a b l e s  o f  c o n so n a n t  energy  and c o n so n a n t  s p e c t r a l
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p eak .  C o n s o n a n t - to - n o i s e  r a t i o  i s  an a d d i t i o n a l  v a r i a b l e  
in c lu d e d  f o r  t h e  p r e d i c t i o n  o f  p e r c e n t  c o r r e c t  in  n o i s e .
P r e d ic t in g ,  P e r c e n t  C o n fu s io n s
The d a t a  from th e  a c o u s t i c a l  a n a ly s e s  w ere  a l s o  
u sed  to  d e te rm in e  t h e  s e t  o f  a c o u s t i c a l  v a r i a b l e s  w hich 
would p r o v id e  t h e  b e s t  p o s s i b l e  p r e d i c t i o n  o f  t h e  p e r c e n t  
o f  c o n f u s io n s  f o r  s e l e c t e d  p a i r s  o f  s y l l a b l e s  in  q u i e t  and 
in  n o i s e .  The s y l l a b l e  p a i r s  s e l e c t e d  w ere t h e  m ajo r  
c o n f u s io n  p a i r s  ( c o n f u s io n  p e r c e n ta g e s  o f  10% o r  g r e a t e r )  
in  a d d i t i o n  to  t h e  t a r g e t  o f  each , p a i r e d  w i th  a l l  o f  t h e  
o t h e r  r e s p o n s e  a l t e r n a t i v e s .  F o r  exam ple , f o r  s u b t e s t  2 
in  n o i s e ,  t h e  / u p / u k /  c o n fu s io n  o c c u r s  ( p e r c e n ta g e  = 33 .3% ). 
T h is  s y l l a b l e  p a i r  i s  a n a ly z e d ,  a lo n g  w i th  t h e  p a i r s  
/ u p / u f / , / u p / u t / ,  / u p / u 0 / ,  / u p / u s /  h a v in g  c o n fu s io n  
p e r c e n ta g e s  o f  20.0%, 13.3%, 10*0%, and 0.0%, r e s p e c t i v e l y .
A l l  a n a ly s e s  d e s c r ib e d  in  t h e  p r e v io u s  s e c t i o n  w ere  
p e r fo rm e d  as  s t a t e d ,  w i th  t h e  f o l lo w in g  d i f f e r e n c e s .  The 
The d e p e n d e n t  v a r i a b l e s  w ere ,  in  t h i s  i n s t a n c e ,  p e r c e n t  
c o n f u s io n  in  q u i e t  o r  p e r c e n t  c o n f u s io n  in  n o i s e .  The 
in d e p e n d e n t  v a r i a b l e s  w ere  t h e  a b s o l u t e  d i f f e r e n c e s  be tw een  
th e  a c o u s t i c a l  m easurem ents  f o r  t h e  t a r g e t  and r e s p o n s e
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s y l l a b l e s  in  each  p a i r .  I n  t h e  above exam ple, t h e  d a t a  
s e t  w ould  i n c lu d e  t h e  f i v e  m easu res  o f  p e r c e n t  c o n f u s io n  
f o r  t h e  f i v e  p a i r s .  The re m a in in g  d a t a  a r e  t h e  d i f f e r e n c e s  
betw een t h e  f i v e  p a i r s  o f  s y l l a b l e s  i n  te rm s  o f  co n so n a n t  
en e rg y ,  vowel e n e rg y ,  c o n so n a n t  s p e c t r a l  peak , e t c .
The p r e d i c t i o n s  o f  p e r c e n t  c o n f u s io n  w ere  c a r r i e d  
o u t  t h e  same way as  f o r  t h e  p r e d i c t i o n s  o f  p e r c e n t  c o r r e c t  
i d e n t i f i c a t i o n .  F i r s t ,  P e a r s o n  c o r r e l a t i o n  c o e f f i c i e n t s  
w ere d e te rm in e d  be tw een  t h e  " a c o u s t i c a l - d i f f e r e n c e "  v a r i a b l e s  
and p e r c e n t  c o n f u s io n  in  b o th  q u i e t  and  n o i s e .  The l a r g e s t  
c o e f f i c i e n t s  f o r  each  c o n d i t i o n  a r e  r e p o r t e d  in  T a b le s  
22 and 2 3 . In  a lm o s t  a l l  c a s e s ,  t h e  v a r i a b l e s  a r e  
n e g a t i v e l y  c o r r e l a t e d .  T h a t i s ,  t h e  s m a l l e r  t h e  d i f f e r e n c e  
betw een  t h e  a c o u s t i c  v a r i a b l e s ,  t h e  l a r g e r  t h e  p e r c e n t  
c o n f u s io n .  The l a r g e s t  n e g a t i v e  c o r r e l a t i o n s  a r e  w i th  
c o n so n a n t  e n e rg y  (CE) f o r  s u b t e s t  3 i n  q u i e t  ( r  = -0 .6 2 )  
and c o n s o n a n t - t o - n o i s e  r a t i o  (C/N) f o r  s u b t e s t  3 in  
n o i s e  ( r  = - 0 .7 3 ) .
The v a r i a b l e s  in  t h e  e q u a t io n s  p r e d i c t i n g  p e r c e n t  
c o n f u s io n  in  b o th  q u i e t  and n o i s e  a p p e a r  in  T a b le s  24 and 25 . 
The " b e s t "  p r e d i c t i o n  in  t h e  q u i e t  c o n d i t i o n  a p p e a r s  t o  be
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TABLE 22 . P e a r s o n  C o r r e l a t i o n  C o e f f i c i e n t s  and S i g n i f i c a n c e  
L e v e l s  f o r  S e l e c t e d  A c o u s t i c - D i f f e r e n c e  V a r i a b l e s  M easured  
i n  Q u ie t  C o r r e l a t e d  w i th  P e r c e n t  C o n fu s io n  i n  Q u ie t ,  by 
S y l l a b l e  S u b t e s t
S y l l a b l e  A c o u s t i c - D i f f e r e n c e
S u b t e s t V a r i a b l e r S i g n i f  ic
1 VD -0 .4 7
2 VPF -0 .5 6 ✓ * A
CE - 0 .5 4 *\
BW -0 .4 4 *
3 CE -0 .6 2 s*
CD -0 .5 5 •J-/V
4 ORIG - 0 .4 3
5 CE - 0 .3 4
7 ORIG -0 .3 9 *
MAG - 0 .3 2
8 MAG 0.3 7
9 VPF -0 .3 9
10 CE -0 .3 9 <V
CD -0 .2 9
VE 0 .2 5
11 CD -0 .4 2




TABLE 23. P e a r so n  C o r r e l a t i o n  C o e f f i c i e n t s  and S i g n i f i c a n c e  
L e v e l s  f o r  S e l e c t e d  A c o u s t i c - D i f f e r e n c e  V a r i a b l e s  M easured  
i n  N o ise  C o r r e l a t e d  w i t h  P e r c e n t  C o n fu s io n  in  N o ise ,  by 
S y l l a b l e  S u b te s t
S y l l a b l e A c o u s t i c - D i f f e r e n c e
S u b t e s t V a r i a b l e r S ig n  i f  ic
1 XF 0.21
2 VPF -0 .5 2 **
CD - 0 .3 6
CE -0 .5 9 A
CN - 0 .5 3 ✓ V /V
3 CD - 0 .4 6
CE - 0 .7 0 **
CN - 0 .7 3 **
4 CFl - 0 .3 2
ORIG - 0 .4 5 •ft*A
DIR -0 .3 1
5 CFl - 0 .5 4 A /V
CF2 - 0 .5 2 JLA
XF -0 .4 7 *
CE -0 .4 7 *
ORIG - 0 .3 6
7 ORIG - 0 .5 3 »w..A A
MAG - 0 .5 3 A A
8 VPF 0 .5 2 A A
CD -0 .3 0
VD 0.31
VE - 0 .3 5 •ft.
MAG -0 .2 9
DIR 0 .3 3
VN 0 .39 A
9 CE - 0 .3 2
CN - 0 .4 6 *
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TABLE 2 3 .  (C o n t in u e d )
S y l l a b l e  A c o u s t i c - D i f f e r e n c e
S u b t e s t V a r i a b l e r S i g n i f  ic
10 XF - 0 .2 3
VD - 0 .3 0 A
11 CF2 -0 .3 2 *
XF -0 .2 5 St
CD -0 .3 7 st sC
VD -0 .3 1 St
* < .05 
* *  <  .01
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TABLE 2 4 . R and S i g n i f i c a n c e  L e v e l s  f o r  A c o u s t ic -  
D i f f e r e n c e  V a r i a b l e s  M easured  i n  Q u ie t  E n te r e d  i n t o  t h e  
E q u a t io n  P r e d i c t i n g  P e r c e n t  C o n fu s io n  i n  Q u ie t ,  by 
S y l l a b l e  S u b t e s t  ( s i g n i f i c a n c e  r e f e r s  t o  r e g r e s s i o n  e q u a t io n  
c o n t a i n i n g  t h e  e n t e r e d  v a r i a b l e s )
S y l l a b l e A c o u s t i c - D i f f e r e n c e 7
S u b t e s t V a r i a b l e R S i g n i f i c ;
1 VD 0 .2 2 0
2 VPF 0.319
VPF,CD 0.3 6 1 It*
3 CE 0 .3 8 6
CE,CFl 0 .6 3 6 it*
CD,CE,CFl 0 .7 1 5 it*
4 ORIG 0 .1 8 5
5 CE 0.119
7 ORIG 0 .1 5 5 *
ORIG,CFl 0 .227 it
8 (MAG) ( 0 .1 4 1 )
9 (VPF) ( 0 .1 5 0 )
(VPF, BW) ( 0 .2 9 2 )
CF2,BW,CE 0 .6 8 5 *
10 CE 0 .1 5 3 **
CE, VE 0 .2 0 6 it*
CE,VE.ORIG 0 .2 6 6 **
CE,ORIG,VE,MAG 0.299 it*
11 CE 0 .1 7 6
CD.CF2 0.327 **
CD,VD,CF2 0 .3 5 0
* <  .05
**  <  .01
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TABLE 25 . R and S i g n i f i c a n c e  L e v e ls  f o r  S e l e c t e d  
A c o u s t i c - D i f f e r e n c e  V a r i a b l e s  M easured  i n  N o ise  E n te r e d  
i n t o  t h e  E q u a t io n  P r e d i c t i n g  P e r c e n t  C o n fu s io n  in  N o is e  
by S y l l a b l e  S u b t e s t  ( s i g n i f i c a n c e  r e f e r s  to  r e g r e s s i o n  
e q u a t io n  c o n t a i n i n g  t h e  e n t e r e d  v a r i a b l e s )
S y l l a b l e  A c o u s t i c - d i f f e r e n c e  y
S u b t e s t  V a r i a b l e  R S i g n i f i c a n c e
1 (CE) ( 0 .0 9 0 )
2 CE 0 .3 4 6 A /f
CE,DIR 0 .441 A ss
CE,DIR,CD 0.5 1 1 •JUfcL.A A
CE,CD,MAG,CN 0.5 8 1 •J+J*A St
3 CN 0 .5 3 4 A
CN, CFl 0 .6 8 3 A St
CE,CFl,VPF 0.802 ***
CE.VPF,CN,CFl 0 .8 4 1 <JUSt St A
4 ORIG 0 .2 0 2 •9*St
ORIG,CFl 0 .379 *
ORIG, C F l , CF2 0 .4 7 0 *
5 CFl 0 .2 8 8 **
CFl,CE 0 .469 St St
CFl,CE,ORIG 0 .5 5 6 St St St
7 ORIG 
ORIG, CN
0 .2 0 8
0 .3 1 8
8 VPF 0 .2 7 0 St St
VPF,CD 0 .3 3 1 **
VPF,CD,CN 0 .3 9 6 **
9 CN 0.207 St
CN, VE 0 .2 7 0 *
VE,CN,CD 0 .3 5 2 **
CN,CD,VE,CF1 0 .4 0 5 **
10 VD 0 .1 1 4 *
VD,MAG 0.157 *
VD,MAG,XF 0 .2 1 0 *
11 CD 0 .1 3 6 **






t h e  e q u a t io n  f o r  s u b t e s t  3 , c o n t a i n i n g  th e  a c o u s t i c -
d i f f e r e n c e  v a r i a b l e s  o f  co n so n a n t  d u r a t i o n  (CD), co n so n a n t
2en ergy  (CE), and co n so n an t  s p e c t r a l  p eak  (C F l) ,  (R = 0 .7 1 5 ) .
F or t h e  n o i s e  c o n d i t i o n ,  t h e  same s u b t e s t  (3 )  a p p e a r s  to
2
have t h e  b e s t  p r e d i c t i o n  (R = 0 .8 4 1 ) .  However, t h i s
p r e d i c t i o n  e q u a t io n  c o n ta in s  t h e  f o u r  a c o u s t i c - d i f f e r e n c e
v a r i a b l e s  o f  c o n s o n a n t - t o - n o i s e  r a t i o  (C /N ), c o n so n a n t
s p e c t r a l  peak  ( C F l) ,  c o n so n a n t  en ergy  ( CE), and vowel peak
f re q u e n c y  (V P F ).
The a c o u s t i c - d i f f e r e n c e  v a r i a b l e s  o c c u r r in g  in  t h e
m ost e q u a t io n s  w ere  i s o l a t e d  f o r  q u i e t  and n o i s e  and w ere
u se d  t o  g e n e r a t e  e q u a t io n s  and c o e f f i c i e n t s  w hich  c o u ld  b e s t
p r e d i c t  t h e  o v e r a l l  d a t a .  These  v a r i a b l e s  w ere  a s  f o l lo w s :
P r e d i c t i n g  P e r c e n t  C o n fu s io n  in  Q u ie t :
C onsonant Energy 
C onsonant D u ra t io n
O r i g in  o f  t h e  Second Form ant T r a n s i t i o n  
Vowel D u ra t io n
F i r s t  Consonant S p e c t r a l  Peak
Second Consonant S p e c t r a l  Peak
M ag n itu d e  o f  t h e  Second Form ant T r a n s i t i o n
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P r e d i c t i n g  P e r c e n t  C o n fu s io n  in  N o ise :
C o n s o n a n t - to -N o is e  R a t io
C onsonant Energy-
C onsonant D u r a t io n
F i r s t  Consonant S p e c t r a l  Peak
O r i g in  o f  t h e  Second Form ant T r a n s i t i o n
A com parison  o f  t h e  a c o u s t i c - d i f f e r e n c e  v a r i a b l e s  
u se d  to  p r e d i c t  p e r c e n t  c o n f u s io n  in  t h e  q u i e t  v s .  t h e  n o i s e  
c o n d i t i o n s  shows f o u r  common v a r i a b l e s :  co n so n an t  e n e rg y ,
co n so n a n t  d u r a t io n ,  co n so n a n t  s p e c t r a l  peak , and o r i g i n  o f  
t h e  second  fo rm an t  t r a n s i t i o n .  As was th e  c a s e  f o r  p r e ­
d i c t i n g  p e r c e n t  c o r r e c t  i d e n t i f i c a t i o n ,  t h e  c o n s o n a n t - to -  
n o i s e  r a t i o  v a r i a b l e  was in c lu d e d  in  t h e  n o i s e  p r e d i c t i o n  
o f  c o n f u s io n .  I n  a d d i t i o n ,  n o t e  t h a t  t h e  d u r a t i o n  v a r i a b l e s  
w ere in c lu d e d  i n  p r e d i c t i n g  p e r c e n t  c o n fu s io n s  b u t  were 




T h ree  m a jo r  a r e a s  f o r  d i s c u s s i o n  emerge from  th e  
r e s u l t s  o f  t h i s  s tu d y :  (1 )  t h e  p a t t e r n  o f  c o r r e c t  i d e n t ­
i f i c a t i o n s  and c o n fu s io n s  o f  t h e  n o n se n se  s y l l a b l e s  in  
q u i e t  and in  n o i s e ,  (2 )  m easurem ent o f  t h e  a c o u s t i c  
c h a r a c t e r i s t i c s  o f  t h e  n o n se n se  s y l l a b l e s  and t h e  n o i s e ,  
and (3 )  a  s t a t i s t i c a l  model f o r  p r e d i c t i n g  c o r r e c t  i d e n t ­
i f i c a t i o n s  and c o n fu s io n s  from t h e  a c o u s t i c  a n a l y s e s .
The f o l lo w in g  c h a p t e r  c o n ta in s  a d i s c u s s i o n  o f  t h e  d a t a  
o b t a in e d  in  t h i s  s tu d y  as  th e y  r e l a t e  t o  t h e s e  t h r e e  
a r e a s .
PATTERN OF CORRECT IDENTIFICATIONS AND CONFUSIONS
The a n a ly s e s  o f  i n t e l l i g i b i l i t y  and o f  c o r r e c t  
i d e n t i f i c a t i o n s  may be compared t o  t h e  f in d i n g s  o f  o t h e r  
s t u d i e s .  I n s p e c t i o n  o f  co m p arab le  c o n f u s io n  m a t r i c e s  
r e p o r t e d  by Wang and B i l g e r  (1973)  r e v e a l s  a  s i m i l a r  
h i e r a r c h y  o f  c o r r e c t  i d e n t i f i c a t i o n s  w i t h  r e s p e c t  t o
co n so n a n t  c l a s s  f o r  b o th  q u i e t  and n o i s e  c o n d i t i o n s .  The 
ra n k  o r d e r i n g  o f  t h e  co n so n an t  c l a s s e s  was q u i t e  d i f f e r e n t ,  
however, from t h a t  r e p o r t e d  by H o r i i ,  e t  a l . (1971) f o r  
c o n so n a n ts  masked by w h i te  n o i s e .  N asa l  c o n so n a n ts  had 
t h e  lo w e s t  o v e r a l l  i n t e l l i g i b i l i t y  s c o r e  in  n o i s e  in  t h e  
p r e s e n t  s tu d y .  In  w h i te  n o i s e ,  however, H o r i i ,  e t  a l . 
r e p o r t  n a s a l  c o n so n a n ts  to  have  t h e  second  h i g h e s t  a v e ra g e  
i n t e l l i g i b i l i t y  s c o r e ,  second  o n ly  to  t h e  l i q u i d s  and 
g l i d e s .  A f f r i c a t e s  w ere  r e p o r t e d  to  have  t h e  lo w e s t  s c o re s  
i n  w h i te  n o i s e ,  b u t  w ere most e a s i l y  i d e n t i f i c e d  i n  t h e  
p r e s e n t  s tu d y .  D i f f e r e n c e s  su ch  as  t h e s e  c o u ld  be a c c o u n te d  
f o r  by n o t in g  t h e  d i f f e r e n c e s  betw een t h e  spec trum  o f  
w h i te  n o i s e  and t h e  sp ec tru m  o f  t h e  n o i s e  u sed  in  t h e  p r e s ­
e n t  s tu d y ,  most n o t a b l y  t h e  a d d i t i o n a l  low f re q u e n c y  e n e rg y .  
I n  f a c t ,  t h e  h i e r a r c h y  o f  t h e  c o n so n a n t  c l a s s e s  f o r  t h e  
p r e s e n t  s tu d y  i s  more s i m i l a r  t o  t h e  h i e r a r c h y  f o r  t h e  
" e n v e lo p e - n o is e "  d a t a  o f  H o r i i ,  e t  a l . ,  i n  w hich t h e  d i f f e r ­
ences  i n  m asking be tw een  t h e  v a r io u s  c o n so n a n ts  c l a s s e s  
was much s m a l l e r .
The e f f e c t  o f  t h e  accompanying vowel on co n so n a n t  
i n t e l l i g i b i l i t y  was found to  be  s i g n i f i c a n t  by Wang and
197
B i l g e r  (1973) f o r  b o th  q u i e t  and n o i s e .  However, t h e i r  
d a t a  showed co n so n a n t  i n t e l l i g i b i l i t y  t o  be h i g h e s t  when 
p a i r e d  w i t h  t h e  vowel / u / ,  and lo w e s t  w i t h  t h e  vowel Aty . 
T h is  f i n d i n g  i s  o p p o s i t e  to  t h e  r e s u l t s  o f  t h e  p r e s e n t  
s tu d y  i n  w hich  h i g h e s t  s c o r e s  w ere  o b ta in e d  f o r  s y l l a b l e s  
c o n t a i n i n g  t h e  vowel AV and lo w e s t  s c o r e s  f o r  s y l l a b l e s  
w i th  t h e  vowel / u /  ( s e e  F ig u r e  1 4 ) .  The a c o u s t i c  a n a l y s i s  
o f  t h e  s y l l a b l e s  u se d  in  t h e  s tu d y  showed t h a t  t h e  t o t a l  
en ergy  o f  t h e  /<X/ vow el, a v e ra g e d  o v e r  a l l  c o n so n a n ts  
exceeded  t h a t  o f  t h e  / u /  v o w el.  T h is  h e lp e d  m ost f o r  t h e  
sp eech  i n  n o i s e  c a s e  w here  t h e  improvement f o r  t h e  /&/ 
vowel was t h e  g r e a t e s t .
The a n a ly s e s  p e rfo rm ed  on t h e  c o n fu s io n  m a t r i c e s  
f o r  t h e  q u i e t  c o n d i t i o n  w ere  compared to  s i m i l a r  d a t a  f o r  
f o u r  n o r m a l- h e a r in g  c o n t r o l  s u b j e c t s  r e p o r t e d  by B i l g e r  
and Wang (1976) . Com parisons f o r  t h e  n o i s e  c o n d i t i o n s  
w ere made w i th  t h e  d a t a  r e p o r t e d  in  Wang and B i l g e r  (1973)  . 
A lth o u g h  t h e r e  w ere  l a r g e  d i f f e r e n c e s  in  t h e  a b s o lu t e  
f re q u e n c y  o f  c o n fu s io n s  be tw een  t h e  B ilger /W ang  s t u d i e s  
and t h e  p r e s e n t  s tu d y ,  t h e  p a t t e r n  o f  c o n fu s io n s  f o r  e a c h  
s y l l a b l e  ty p e  was s i m i l a r  i n  many r e s p e c t s .  F o r  eaxam ple ,
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i n  b o th  s e t s  o f  d a t a  more c o n f u s io n s  w ere  found  betw een  
s y l l a b l e s  c o n t a i n i n g  v o i c e l e s s  c o n s o n a n ts  th a n  v o ic e d .  
S i m i l a r l y ,  in  b o th  s e t s  o f  s t u d i e s  more c o n fu s io n s  w ere  
found  be tw een  p a i r s  o f  VC s y l l a b l e s  t h a n  betw een  p a i r s  o f  
CV s y l l a b l e s .  W ith  r e s p e c t  to  t h e  B ilger/W ang  d a t a ,  i t  
s h o u ld  be n o te d  t h a t  a l th o u g h  t h e  number o f  CV s y l l a b l e s  
showing c o n fu s io n s  was s m a l l e r ,  when a  c o n fu s io n  o c c u r r e d  
t h e  e r r o r  r a t e  was v e ry  h ig h .
The d i f f e r e n c e s  in  e r r o r  p a t t e r n s  be tw een  t h e  
s t u d i e s  r e l a t e d  p r i m a r i l y  t o  t h e  r o l e  o f  t h e  accompanying 
vow el, a s  was n o te d  above, and to  d i f f e r e n c e s  in  t h e  
r e l a t i v e  f r e q u e n c i e s  o f  p l a c e  and manner e r r o r s .  
C o n fu s io n s  in v o lv in g  manner o f  a r t i c u l a t i o n  w ere n o t  as  
common in  t h e  B ilger/W ang  s t u d i e s  a s  was t h e  c a s e  in  t h e  
p r e s e n t  s tu d y .  The few manner e r r o r s  r e p o r t e d  in  t h e  
B ilger /W ang  d a t a  w ere  o f  t h e  f r i c a t i v e - t o - p l o s i v e  t y p e .
I n  t h i s  s tu d y ,  manner e r r o r s  o f  a l l  k in d s  w ere  o b s e rv e d  
( s e e  F ig u r e  1 7 ) ;  how ever, by f a r  t h e  most f r e q u e n t  manner 
e r r o r s  w ere  betw een f r i c a t i v e s  and p l o s i v e s .  C o n fu s io n  
m a t r i c e s  r e p o r t e d  by M i l l e r  and N ic e ly  (1955) a l s o  show 
m anner c o n f u s io n s  t o  be  q u i t e  r a r e .  The m a t r ix  g e n e r a t e d
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u s in g  e n v iro n m e n ta l  c o n d i t i o n s  c l o s e s t  t o  th o s e  u se d  i n  t h e  
p r e s e n t  s tu d y  r e v e a l e d  o n ly  one l a r g e  e r r o r  o f  t h e  manner 
ty p e  ( /bo ./vo ./)  . The d i f f e r e n c e s  betw een  t h e  s t u d i e s  co u ld  
be a t t r i b u t e d  in  p a r t  to  d i f f e r e n c e s  in  t h e  s p e c t r a  o f  t h e  
m asking n o i s e  t h a t  w ere  u s e d .  The c a f e t e r i a  n o i s e  u s e d  
i n  t h i s  s tu d y  had more i n t e n s e  lo w -f re q u e n c y  com ponents 
w hich  p resu m ab ly  had  g r e a t e r  m asking e f f e c t s  on t h e  low- 
f re q u e n c y  n a s a l  com ponent, and o t h e r  manner o f  a r t i c u l a t i o n  
c u e s .
P e r c e n ta g e s  o f  c o n fu s io n  in  q u i e t  w ere  computed 
f o r  t h e  B ilger/W ang  d a t a * .  Com parisons w ere  made betw een  
t h e s e  d a t a  and th e  s y l l a b l e  p a i r s  h av in g  t h e  h i g h e s t  f r e q u e n ­
c i e s  o f  c o n f u s io n  in  t h e  p r e s e n t  s tu d y .  These  co m p ariso n s  
a r e  summarized in  T a b le  26 . F o r  t h e  q u i e t  c o n d i t i o n ,  o n ly  
two o f  t h e  c o n fu s io n s  ( / 0 i / f i / ,  / i 0 / i f / )  showed co m p arab le  
h ig h  p e r c e n t a g e s .  T h re e  c a s e s  w ere  co m p arab le  f o r  t h e  
n o i s e  c o n d i t i o n ,  s p e c i f i c a l l y  / 0 i / f i / ,  / u p / u k / ,  and / h i / p i / .
Com parisons o f  t h i s  k in d  s e r v e  to  p o i n t  o u t  t h a t
* P e r c e n ta g e s  r e p o r t e d  f o r  B i l g e r  and Wang (1976) and f o r  Wang 
and B i l g e r  (1973) w ere  d e r iv e d  from m a t r i c e s  f o r  t h e i r  f o u r  
s y l l a b l e  s e t s ,  CV-1, VC-1, CV-2, and VC-2, in  e a c h  o f  t h e  
t h r e e  vowel c o n t e x t s .  The d a t a  w ere  made a v a i l a b l e  to  
t h e  a u th o r  by Dr. M a r i ly n  D. Wang.
TABLE 2 6 .  P e r c e n t  C o n fu s io n  f o r  P a i r s  o f  S y l l a b l e s  Found t o  be  t h e  M ost Commonly 
C onfused  P a i r s  i n  t h e  P r e s e n t  S tu d y  (C om pars ion  d a t a  d e r iv e d  from  Wang and B i l g e r ,  1973; 
B i l g e r  and  Wang, 1976)
QUIET NOISE
C o n fu s io n  











C o n fu s io n







j e r  6c Wang 
.1976)
-1 CV-2/VC
© i / f i 4 1 .7 8 3 .6 i f / i © 4 3 .3 3 .1 16.1
i f / i © 36.7 1 .7 5 .0 bo./2ct 4 0 .0 8 .5
i  6 /  i f 3 3 .3 1 5 .0 21 .7 af/cxv 36 .7 11 .5 1 8 .8
uf)/um 3 3 .3 - - 0 .0 u p /u k 3 3 .3 2 9 .0
1 3 / i v 3 0 .6 1 .7 3 .3 f i / p i 3 3 .3 11 .0 11.1
u v /u b 2 7 .8 0 .0 0 .0 h i / p i 3 3 .3 5 1 .2
i p /  i t 2 5 .0 0 .0 i n /  im 3 3 .3 1 .6
p u /k u 2 5 .0 0 .0 im / ib 3 3 .3 - - 0 .9
f u / s u 2 5 .0 0 .0 1 .7 uf)/um 3 3 .3 6 .8
u g /u v 3 3 .3 2 .1 2 .4
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d i f f e r e n c e s  betw een s t u d i e s  o f  t h i s  ty p e  can  be q u i t e  
l a r g e .  D i f f e r e n c e s  a r e  to  be e x p e c te d  when one c o n s id e r s  
t h e  d i f f e r e n c e s  in  p ro c e d u re s  and e n v iro n m e n ta l  cond i t i o n s  
u s e d  to  g e n e r a t e  t h e  two s e t s  o f  d a t a .  The sp eech  s t i m u l i  
in  t h e  B ilger/W ang  s t u d i e s  c o n t r o l l e d  f o r  d u r a t io n  o f  t h e  
s y l l a b l e  (511 msec) and r i s e  t im e  (1 m sec ) ,  c o n d i t i o n s  
w hich  w ere  n o t  c o n t r o l l e d  in  t h e  p r e s e n t  s tu d y .  P r e s e n t ­
a t i o n  l e v e l  o v e r la p p e d  to  some d e g re e  b u t  w ere  n o t  i d e n t i c a l .  
The l e v e l s  i n  t h e  B ilger/W ang  s t u d i e s  w ere  on t h e  o r d e r  o f  
30 dB above t h e  h i g h e s t  l e v e l  u se d  in  t h i s  s tu d y .  A lso ,  
t h e  B ilger/W ang  s t u d i e s  m atched  t h e  sp e e c h  s t i m u l i  f o r  
l e v e l ,  th u s  e l i m i n a t i n g  t h a t  v a r i a b l e  a s  a cue f o r  
i d e n t i f i c a t i o n .  R e s u l t s  o f  t h e  c u r r e n t  i n v e s t i g a t i o n  
i n d i c a t e  t h a t  d i f f e r e n c e s  in  o v e r a l l  e n e rg y  betw een co n so n ­
a n t s  may be a  c r u c i a l  v a r i a b l e  f o r  r e d u c in g  c o n f u s io n  r a t e s .  
O th e r  p r o c e d u r a l  d i f f e r e n c e s  w ere  t h e  u s e  o f  fe e d b a c k ,  t h e  
e l i m i n a t i o n  o f  t h e  c a r r i e r  p h r a s e ,  and t h e  u s e  o f  a  l a r g e  
(16  item ) r e s p o n s e  s e t  in  t h e  B ilger /W ang  s t u d i e s .  T he re  
w ere  a l s o  d i f f e r e n c e s  in  t h e  n o i s e  sp e c tru m , t h e  e f f e c t s  o f  
w hich  h ave  a l r e a d y  been  n o te d .
D e s p i te  t h e  d i f f e r e n c e s  betw een  t h e  s t u d i e s ,  t h e
d a t a  showed some s i m i l a r i t i e s  and s e v e r a l  g e n e r a l i z a t i o n s  
may be  made. F i r s t l y ,  t h e  c o n f u s io n  m a t r i c e s  show d i s t i n c t  
p a t t e r n s .  T hese  c o n f u s io n  p a t t e r n s  a r e  f a i r l y  com plex, a s  
was shown i n  t h e i r  d e s c r i p t i o n  in  t h e  R e s u l t s  c h a p t e r .  
S e c o n d ly ,  t h e  c o n f u s io n  p a t t e r n s  a p p e a r  to  be s i m i l a r  as  
a  f u n c t i o n  o f  sp e e c h  p r e s e n t a t i o n  l e v e l ,  a l th o u g h  t h e r e  
a r e  a few e x c e p t io n s  t o  t h i s  f i n d i n g .  T h i r d l y ,  t h e  c o n f u s io n  
p a t t e r n s  f o r  d i f f e r e n t  s e t s  o f  n o n se n se  s y l l a b l e s  a r e  d i f ­
f e r e n t i a l l y  a f f e c t e d  by t h e  a d d i t i o n  o f  background  n o i s e .  
F u r th e rm o re ,  vowel c o n te x t  a p p e a r s  to  be an im p o r ta n t  
f a c t o r ,  a s  c e r t a i n  c o n f u s io n s  o c c u r  commonly w i th  one vow el, 
b u t  r a r e l y  w i th  a n o t h e r .  The r e s u l t s  a l s o  i n d i c a t e  t h a t  
t h e  s e t  o f  r e s p o n s e  a l t e r n a t i v e s  has  a  s i g n i f i c a n t  e f f e c t  
on t h e  p a t t e r n s  o f  c o n f u s io n .
ACOUSTICAL MEASUREMENTS
M easurem ents  w ere  made o f  a c o u s t i c a l  v a r i a b l e s  
b e l i e v e d  t o  be p o t e n t i a l l y  im p o r ta n t  f o r  p r e d i c t i n g  t h e  
p a t t e r n s  o f  c o r r e c t  i d e n t i f i c a t i o n s  and c o n fu s io n s  o f  
o f  n o n se n se  s y l l a b l e s  in  q u i e t  and in  n o i s e .  P r e d i c t i o n s  
o f  t h e  c o n f u s io n  m a t r i x  w ere  th e n  made b a s e d  on t h e s e
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m e a su rem en ts .  The e f f e c t i v e n e s s  o f  t h e s e  p r e d i c t i o n s  i s  
h e a v i l y  d e p en d en t  upon t h e  a c c u ra c y  o f  t h e  a c o u s t i c  
m easu rem en ts .  One m ust keep  in  mind t h a t  t h e  m easurem ents  
p r e s e n t e d  in  t h i s  s tu d y  a r e  o f  a  s p e c i f i c  sp eech  sam ple 
and sh o u ld  n o t  be i n t e r p r e t e d  as  b e in g  r e p r e s e n t a t i v e  o f  t h e  
a v e ra g e  m ale  s p e a k e r .  However, t h e  v a l u e  o f  t h e s e  m e a su re ­
m ents  i s  t h a t  th e y  p e r t a i n  t o  t h e  sp e e c h  and n o i s e  sam ples 
u se d  in  g e n e r a t i n g  t h e  c o n fu s io n  m a t r i c e s .
D i g i t a l  s p e e c h  p r o c e s s in g  t e c h n iq u e s  were u se d  in  
o b t a i n i n g . m ost o f  t h e s e  m easu rem en ts ,  s i n c e  t h e s e  p ro c e d u re s  
have  been  found  to  be r e a s o n a b ly  a c c u r a t e  and h ig h ly  r e p e a t - 
a b l e .  The m easurem ents  t a k e n  d i r e c t l y  from  th e  com puter-  
g e n e r a t e d  s p e c t r a  i n c lu d e d  vowel fo rm an t  f r e q u e n c i e s ,  m eas­
u r e s  o f  second  fo rm a n t  t r a n s i t i o n ,  and c o n so n a n t  s p e c t r a l  
p e a k s .  On a v e ra g e ,  t h e  r e s u l t s  f o r  fo rm a n t  f re q u e n c y  a r e  
co m p arab le  to  th o s e  r e p o r t e d  by P e t e r s o n  and Barney (1 9 5 2 ) ,  
and to  t h o s e  r e p o r t e d  by L e h i s t e  and P e t e r s o n  (1961) f o r  
second  fo rm a n t  t r a n s i t i o n s .  S p e c t r a l  p eak s  a r e  s i m i l a r  t o  
th o s e  r e p r t e d  by H a l l e ,  e t  a l . (1957) f o r  p l o s i v e  c o n s o n a n ts ,
and t o  t h o s e  r e p o r t e d  by Hughes and H a l l e  (1956) f o r  f r i c ­
a t i v e  c o n s o n a n ts .  Some d i f f e r e n c e s  w ere  found , o f  c o u r s e ,
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a s  m igh t be e x p e c te d  when m easurem ents  a r e  ta k e n  from  th e  
r e c o r d i n g s  o f  o n ly  one s p e a k e r .
E s t im a te s  o f  o v e r a l l  c o n s o n a n t - n o i s e  b an d w id th  
and c r o s s o v e r  f re q u e n c y  w ere  made u s in g  p ro c e d u re s  d e v e lo p e d  
s p e c i f i c a l l y  f o r  t h i s  s tu d y .  T he re  was no o t h e r  s o u r c e  o f  
t h i s  ty p e  o f  m easurem ents  f o r  d i r e c t  co m p ar iso n .
M easurem ents  o f  t o t a l  en e rg y  o f  t h e  c o n so n a n t  and 
o f  t h e  vow el, and c a l c u l a t i o n  o f  c o n s o n a n t - t o - n o i s e  and 
v o w e l - t o - n o i s e  r a t i o s  w ere  d e r i v e d  from t h e  r e s u l t s  o f  
com puter a v e ra g in g  p e rfo rm ed  on t h e s e  se g m e n ts .  The 
r e l a t i v e  e n e rg y  l e v e l s  o f  t h e  c o n s o n a n ts  w ere  a v e ra g e d  
o v e r  t h e  t h r e e  vowel c o n t e x t s  and compared to  s i m i l a r  
r e l a t i v e  l e v e l s  d e r iv e d  from F l e t c h e r  ( 1 9 5 3 ) .  The two 
s e t s  o f  m easurem ents  w ere  r a n k  o r d e re d  from t h e  m ost i n ­
t e n s e  t o  t h e  l e a s t  i n t e n s e  c o n s o n a n t s . The c o n s o n a n ts  
te n d e d  to  o r d e r  th e m se lv e s  i n  a  s i m i l a r  manner f o r  t h e  
two s t u d i e s .  The l a r g e s t  e x c e p t io n s  w ere  as  f o l l o w s .  
M easurem ents  o f  / s ,  z ,  v /  from t h e  p r e s e n t  s tu d y  r e s u l t e d  
i n  s u b s t a n t i a l l y  h i g h e r  r a n k in g s  o f  r e l a t i v e  e n e rg y  f o r  
t h e s e  c o n s o n a n ts  t h a n  m easurem ents  o f  F l e t c h e r .  On t h e  
o t h e r  hand , m easurem ents  o f  / t ,  k ,  h /  r e s u l t e d  i n  lo w e r
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r a n k in g s  f o r  t h e  p r e s e n t  s tu d y  f o r  t h e s e  c o n so n a n ts  th a n  
f o r  F l e t c h e r .  T o ta l  en e rg y  f o r  t h e  t h r e e  vowels u se d  in  
t h i s  s tu d y  w ere  a v e ra g e d  a c r o s s  a l l  c o n so n a n t  c o n t e x t s  and 
compared t o  t h e  r e l a t i v e  e n e rg y  l e v e l s  r e p o r t e d  by F l e t c h e r  
( 1 9 5 3 ) .  B o th  s t u d i e s  found t h e  vowel /£!•/ t o  be t h e  most 
i n t e n s e  o f  t h e  t h r e e ,  w i th  / u /  and / i /  h a v in g  s i m i l a r  
lo w e r  e n e rg y  l e v e l s .
As s t a t e d  p r e v i o u s l y ,  t h e  d u r a t i o n a l  m easurem ents  
made from d i g i t a l  s p e e c h  waveform s w ere  a t  l e a s t  a s  a c c u r a t e  
and as  r e l i a b l e  as  one c o u ld  e x p e c t  from s p e c t r o g r a p h ic  
a n a l y s i s .  D i f f e r e n c e s  in  vowel d u r a t i o n  a s  a  f u n c t i o n  o f  
c o n so n a n t  en v iro n m e n t w ere s i m i l a r  to  t h o s e  r e p o r t e d  by 
House and F a i rb a n k s  (1952) and R aphael (1 9 7 2 ) .  C onsonant 
d u r a t i o n s  w ere  co m p arab le  to  t h o s e  r e p o r t e d  by F e r t i g  (1 9 7 6 ) .
The c o m p u te r -g e n e ra te d  s p e c t r a l  r e p r e s e n a t i o n  o f  
t h e  b ack g ro u n d  n o i s e  i n d i c a t e s  t h a t ,  on a v e ra g e ,  t h e  n o i s e  
i s  s t a b l e  from s u b t e s t  to  s u b t e s t ,  i n  te rm s  o f  o v e r a l l  l e v e l  
and s p e c t r a l  c o n t e n t .  T h e re f o re ,  d i f f e r e n c e s  in  c o n f u s io n  
p a t t e r n s  be tw een  s u b t e s t s  in  t h e  n o i s e  c o n d i t i o n  a r e  
p ro b a b ly  due t o  f a c t o r s  o t h e r  t h a n  b e tw e e n - s u b te s t  changes  
in  n o i s e  l e v e l  o r  sp e c tru m .
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I n  summary, t h e  e s t i m a t e s  o f  t h e  a c o u s t i c  c h a r a c t e r ­
i s t i c s  o f  t h e  sp eech  s t i m u l i  and b ackground  n o i s e  a r e  
f a i r l y  c o n s i s t e n t  w i t h  o t h e r  p u b l i s h e d  d a t a .  I n  t h e  f u t u r e ,  
how ever, f u r t h e r  u s e  o f  d i g i t a l  sp eech  p r o c e s s in g  t e c h n i q u e s ,  
w h ich  a r e  c o n s t a n t l y  b e in g  r e f i n e d ,  s h o u ld  r e s u l t  i n  even 
g r e a t e r  l e v e l s  o f  a c c u ra c y  and r e l i a b i l i t y  in  s p e c i f y in g ,  
t h e  a c o u s t i c  c h a r a c t e r i s t i c s  o f  s p e e c h .  I n  a d d i t i o n ,  as  
t h e  u s e  o f  l i n e a r  p r e d i c t i v e  c o d in g  becomes more common 
i n  t h e  s p e c t r a l  a n a l y s i s  o f  sp e e c h ,  i t  i s  l i k e l y  t h a t  t h e  
i d e a l  p a r a m e te r s  f o r  t h e  u s e  o f  t h i s  a n a l y s i s  t e c h n iq u e  
w i l l  em erge.
PREDICTING CORRECT IDENTIFICATIONS AND CONFUSIONS
S e t s  o f  a c o u s t i c  v a r i a b l e s  w ere  i s o l a t e d  w hich  
p ro v id e d  t h e  b e s t  p r e d i c t i o n  o f  p e r c e n t  c o r r e c t  i d e n t i f i c a ­
t i o n s  and p e r c e n t  c o n f u s io n s  o f  n o n se n se  s y l l a b l e s  in  q u i e t  
and in  n o i s e .  These s e t s  o f  v a r i a b l e s  w ere  ta k e n  from t h e  
r e s u l t s  o f  m u l t i p l e  l i n e a r  r e g r e s s i o n  a n a l y s e s .  The a n a l ­
y s e s  p ro v id e d  r e g r e s s i o n  e q u a t io n s  in  w h ich  t h e  v a r i a b l e s  
in c lu d e d  a c c o u n t  f o r  t h e  l a r g e s t  p r o p o r t i o n  o f  t h e  v a r i a n c e  
i n  t h e  p r e d i c t i o n  o f  e i t h e r  p e r c e n t  c o r r e c t  i d e n t i f i c a t i o n
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o r  p e r c e n t  c o n f u s io n .  The v a r i a b l e s  u se d  to  p r e d i c t  s c o re s  
f o r  c o r r e c t  i d e n t i f i c a t i o n  in  q u i e t  and in  n o i s e  w ere  t h e  
a b s o lu t e  v a lu e s  o f  t h e  m easured  sp e e c h  p a r a m e te r s ,  a s  
m easured  in  q u i e t  and in  n o i s e .  The v a r i a b l e s  u s e d  t o  
p r e d i c t  t h e  p e r c e n ta g e  o f  c o n f u s io n  be tw een  two s y l l a b l e s  
w ere  t h e  d i f f e r e n c e s  betw een t h e  a c o u s t i c  m easurem ents  
betw een  t h e  two s y l l a b l e s .  T h is  was done b o th  f o r  sp eech  
in  q u i e t  and in  n o i s e .
The a c c u ra c y  o f  t h e  p r e d i c t i o n  e q u a t io n s  r e s u l t i n g  
from t h i s  a n a l y s i s  i s  n e c e s s a r i l y  l i m i t e d  by t h e  i n d i v i d u a l  
a c o u s t i c  v a r i a b l e s  t h a t  w ere ch o sen  f o r  m easurem ent. The 
s e l e c t i o n  o f  v a r i a b l e s  was made on t h e  b a s i s  o f  p r e v io u s  
r e s e a r c h  i n  t h e  a r e a s  o f  phoneme r e c e p t i o n  and s p e e c h  
i n t e l l i g i b i l i t y  in  b o th  q u i e t  and n o i s e ,  a s  o u t l i n e d  in  
t h e  Review o f  L i t e r a t u r e  c h a p t e r .  C e r t a i n  m easurem ents  
c o u ld ,  p e rh a p s ,  be e l i m i n a t e d  from f u t u r e  a n a ly s e s  o f  t h i s  
ty p e ,  o r  m easured  a c c o rd in g  t o  d i f f e r e n t  c r i t e r i a ,  a s  
w i l l  become e v i d e n t .
I n s p e c t i o n  o f  t h e  v a r i a b l e s  in c lu d e d  in  t h e  r e g r e s s i o n  
e q u a t io n s  (T a b le s  20, 21, 24, 25) r e v e a l s  t h a t  f o r  each  
s u b t e s t ,  t h e  l a r g e s t  p r o p o r t i o n  o f  t h e  v a r i a n c e  ( i n  q u i e t
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and in  n o i s e )  i s  a c c o u n te d  f o r  by d i f f e r e n t  s e t s  o f  
v a r i a b l e s .  However, t h r e e  v a r i a b l e s  s ta n d  o u t  ( c o n s o n a n t  
e n e rg y ,  c o n so n a n t  s p e c t r a l  p e a k s ,  and c o n s o n a n t - t o - n o i s e  
r a t i o )  a s  b e in g  p a r t i c u l a r l y  im p o r ta n t ,  s i n c e  th e y  w ere  
i s o l a t e d  in  a  m a j o r i t y  o f  t h e  s u b t e s t s .  A l a r g e  p r o p o r t i o n  
o f  t h e  v a r i a n c e  i s  a c c o u n te d  f o r  by a c o u s t i c  v a r i a b l e s ,  
b u t  d i f f e r e n t  r e g r e s s i o n  e q u a t io n s  w i t h  d i f f e r e n t  c o e f f i c ­
i e n t s  a r e  u se d  to  p r e d i c t  t h e  r e s u l t s  f o r  ea c h  s u b t e s t  i n  
e ach  c o n d i t i o n .
The i m p l i c a t i o n s  o f  t h i s  f i n d i n g  i s  t h a t  t h e  in fo rm ­
a t i o n  p r o v id e d  by a c o u s t i c  v a r i a b l e s  may be n e c e s s a r y  f o r  
r e d u c in g  c o n fu s io n s  be tw een  c e r t a i n  s e t s  o f  s y l l a b l e s  b u t  
a r e  o f  l e s s  v a lu e  in  o t h e r  s e t s .  S i m i l a r l y ,  a check  o f  t h e  
f i r s t  v a r i a b l e  e n t e r e d  i n to  e a c h  r e g r e s s i o n  e q u a t io n  i s  an 
i n d i c a t i o n  o f  w hich s i n g l e  v a r i a b l e  a c c o u n te d  f o r  m ost 
o f  t h e  v a r i a n c e  ( s e e  T a b le s  20 , 21, 24, 2 5 ) .  A gain , t h e s e  
v a r i a b l e s  d i f f e r e d  as  a  f u n c t i o n  o f  s y l l a b l e  s u b t e s t  and 
l i s t e n i n g  c o n d i t i o n .
I n  com paring  t h e  a c c u ra c y  and r e l i a b i l i t y  o f  t h e  
f o u r  s e t s  o f  p r e d i c t i o n s  ( p e r c e n t  c o r r e c t  i d e n t i f i c a t i o n s  
and p e r c e n t  c o n f u s io n s  in  q u i e t  and i n  n o i s e ) ,  i t  a p p e a r s
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t h a t ,  on a v e ra g e ,  a  l a r g e r  p r o p o r t i o n  o f  t h e  v a r i a n c e  i s  
a c c o u n te d  f o r  in  p r e d i c t i n g  p e r c e n t  c o r r e c t  th a n  in  
p r e d i c t i n g  c o n f u s io n s .  T h a t i s ,  one may p r e d i c t  c o r r e c t  
r e s p o n s e s  from a know ledge o f  a c o u s t i c  in fo r m a t io n  w i th  
much g r e a t e r  a c c u ra c y  th a n  one can  p r e d i c t  p e r c e n t  c o n ­
f u s i o n .
The p r e d i c t i o n  o f  c o r r e c t  i d e n t i f i c a t i o n s  i s  
b a s i c a l l y  much e a s i e r  th a n  t h a t  o f  p r e d i c t i n g  c o n f u s io n s .  
F i r s t l y ,  o n ly  a b s o lu t e  m easurem ents  o f  t h e  a c o u s t i c  v a r i a b l e s  
a r e  n eed ed ,  w hereas  f o r  t h e  c o n f u s io n  p r e d i c t i o n s  a  d i f f e r ­
ence  be tw een  t h e  a c o u s t i c  v a r i a b l e s  f o r  t h e  t a r g e t  and 
r e s p o n s e  s t i m u l i  w ere  u se d  in  t h e  e q u a t i o n s .  The l a t t e r  
w ere  n e c e s s a r i l y  l e s s  p r e c i s e .  F u r th e r ,  t h e  d i f f e r e n c e s  
computed f o r  c e r t a i n  v a r i a b l e s  w ere  s m a l l e r  th a n  th e  
v a lu e s  known t o  be j u s t  d e t e c t a b l e  by t h e  a u d i t o r y  sy s tem . 
P e rh a p s  in  f u t u r e  a n a l y s e s ,  d i f f e r e n c e s  l e s s  th a n  t h e  
d i f f e r e n c e  l im en  f o r  c e r t i n  a c o u s t i c  v a r i a b l e s  ( i n t e n s i t y ,  
d u r a t io n ,  s p e c t r a l  ch ange , e t c . )  sh o u ld  be k e p t  from  co n ­
t r i b u t i n g  t o  t h e  p r e d i c t i o n ,  a s  such  d i f f e r e n c e s  a r e  p r o b ­
a b ly  n o t  p r o v id in g  u s e f u l  in fo r m a t io n  t o  t h e  a u d i t o r y  
sy s tem . One a r e a  o f  r e s e a r c h  w hich  n e e d s  t o  be e x p lo r e d
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b e f o r e  su ch  a d ju s tm e n ts  c o u ld  be made in  t h e  p ro c e d u re  
w ould be  t h e  a c c u r a t e  e s t i m a t i o n  o f  d i f f e r e n c e  l im en  f o r  
s p e c t r a l  and te m p o ra l  c h a r a c t e r i s t i c s  o f  r e a l  sp eech .
An a n a l y s i s  o f  t h e  d i f f e r e n c e s  be tw een  o b se rv e d  
and p r e d i c t e d  c o n f u s io n s  shows a mean s t a n d a r d  d e v i a t i o n  
o f  6 .8 2  p e r c e n t a g e  p o i n t s .  F u r t h e r ,  a  t r e n d  was o b s e rv e d  
i n  t h a t  t h e  l a r g e r  t h e  m easured  c o n f u s io n ,  t h e  l a r g e r  
t h e  d e v i a t i o n  betw een o b s e rv e d  and p r e d i c t e d  c o n fu s io n  
r a t e s .  T h is  t r e n d  can  be  seen  in  F ig u r e  18, w hich  i s  a  
p l o t  o f  t h e  r e s i d u a l s  a s  a  f u n c t io n  o f  p e r c e n t  c o n f u s io n  
f o r  s u b t e s t  1 in  t h e  q u i e t  c o n d i t i o n .  The p r e d i c t i o n  
te n d e d  to  u n d e r e s t im a te  t h e  s i z e  o f  t h e  l a r g e s t  c o n f u s io n .  
T h is  t r e n d  may be  due i n  p a r t  to  a  s t a t i s t i c a l  p r o p e r ty  o f  
t h e  d a t a ,  i n  t h a t  c e l l s  w i th  v e ry  low c o n f u s io n  r a t e s  h ave  
b e t t e r  t e s t - r e t e s t  r e p e a t a b i l i t y  t h a n  th o s e  w i th  h ig h e r  
e r r o r  r a t e s .  A no th e r  f a c t o r  w hich  sh o u ld  be  c o n s id e re d  
i s  t h a t  w henever t h e  f re q u e n c y  o f  c o n fu s io n  was h ig h ,  one 
o f  t h e  s e v e r a l  a c o u s t i c  v a r i a b l e s  c o n s id e r e d  m igh t have  
a c t u a l l y  shown a l a r g e  d i f f e r e n c e ,  t h u s  a f f e c t i n g  t h e  
p r e d i c t e d  s c o r e .  However, i t  may be  t h a t  when s e v e r a l  
a c o u s t i c  cu es  o c c u r  s im u l ta n e o u s ly ,  t h e i r  j o i n t  b e n e f i t
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F i g .  18 . D i f f e r e n c e s  be tw een  p r e d i c t e d  and 
o b s e rv e d  c o n f u s io n s  p l o t t e d  as  a  f u n c t i o n  o f  p e r c e n t  
c o n f u s io n ,  f o r  s y l l a b l e  s u b t e s t  1 , i n  t h e  q u i e t  co n ­
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t o  t h e  l i s t e n e r  i s  d i f f e r e n t  from t h e  sum o f  t h e  i n d i v i d u a l  
c o n t r i b u t i o n s  from  e ach  a c o u s t i c  c u e .  T h is  p o s s i b i l i t y  i s  
p a r t i c u l a r l y  i n t r i g u i n g  in  v iew  o f  t h e  o b s e r v a t i o n  by 
R o s e n th a l ,  e t  a l . (1975) t h a t  t h e  c o m b in a t io n  o f  low and 
h ig h  f re q u e n c y  a c o u s t i c  cu e s  a r e  more e f f e c t i v e  in  e n h a n c in g  
i n t e l l i g i b i l i t y  th a n  t h e  summed c o n t r i b u t i o n  o f  t h e  two 
s e t s  o f  cues  o p e r a t i n g  i n d i v i d u a l l y .  I n  c o n t r a s t ,  Walden 
and Montgomery (1975) have  s u g g e s te d  t h a t  h e a r in g - im p a i r e d  
l i s t e n e r s  t e n d  to  r e l y  on o n ly  one p e r c e p t u a l l y - i m p o r t a n t  
v a r i a b l e  a t  a  t im e .  The m utua l i n t e r a c t i o n s  betw een a c o u s t i c  
c u e s  n eed  to  be c o n s id e r e d .
I n  summary, t h e  r e s u l t s  o f  t h i s  s tu d y  have i d e n t i f i e d  
some d i s t i n c t  p a t t e r n s  o f  c o n so n a n t  c o n f u s io n s  among n o n se n se  
s y l l a b l e s .  These  p a t t e r n s  a r e  s i m i l a r  b u t  n o t  i d e n t i c a l  to  
t h e  r e s u l t s  o f  o t h e r  s t u d i e s .
D i f f e r e n c e s  be tw een  c o n fu s io n  p a t t e r n s  in  t h e  
q u i e t  and n o i s e  c o n d i t i o n s  i n d i c a t e  t h a t  t h e  e f f e c t s  o f  
n o i s e  may be p ro fo u n d  and com plex. D i f f e r e n c e s  in  r e l a t i v e  
f r e q u e n c i e s  o f  c o n f u s io n s  o v e r  a r a n g e  o f  sp e e c h  l e v e l s ,  
on t h e  o t h e r  hand, a r e  n o t  a s  l a r g e .
C o n fu s io n  m a t r i c e s  can  be p r e d i c t e d  w i th  a  r e a s o n a b l e
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d e g re e  o f  a c c u r a c y .  However, v a r i a b l e s  found  to  be t h e  
b e s t  p r e d i c t o r s  change betw een  e x p e r im e n ta l  c o n d i t i o n s  
and s y l l a b l e  s u b t e s t  t y p e s .  I t  i s  i n t e r e s t i n g  to  n o t e  t h a t  
v a r i a b l e s  i s o l a t e d  as  p r e d i c t o r s  o f  p e r c e n t  c o n fu s io n  f o r  
a  p a r t i c u l a r  s u b t e s t  in  q u i e t  do n o t  n e c e s s a r i l y  p r e d i c t  
t h e  c o n f u s io n s  w hich w i l l  o c c u r  when t h e  s u b t e s t  i s  h e a rd  
i n  n o i s e .
T hree  v a r i a b l e s  ( c o n s o n a n t  e n e rg y ,  c o n so n a n t  s p e c t r a l  
p e a k s ,  c o n s o n a n t - t o - n o i s e  r a t i o )  s ta n d  o u t  a s  b e in g  p a r t i c ­
u l a r l y  im p o r ta n t ,  s i n c e  th e y  w ere  i s o l a t e d  in  a m a j o r i t y  
o f  t h e  s y l l a b l e  s u b t e s t s . T h is  r e s u l t  s u g g e s t s  t h a t  t h e s e  
c u e s  s h o u ld ,  p e rh a p s ,  be enhanced  in  sp e e c h  com m unication  
and a c o u s t i c  a m p l i f i c a t i o n  s y s te m s .  However, i t  s h o u ld  be 
remembered t h a t  t h e  s tu d y  r e p o r t e d  h e r e  was a c o r r e l a t i o n a l  
s tu d y  and t h a t  a  c a u s a l  s tu d y  n e e d s  t o  be  p e rfo rm ed  in  
w h ich  t h e  a c o u s t i c  cu es  a r e  s y s t e m a t i c a l l y  removed and t h e  
p r e d i c t e d  e f f e c t s  on t h e  c o n f u s io n  m a t r ix  a s s e s s e d .  F u r th e r ,  
i n  o r d e r  t o  a p p ly  t h e s e  d a t a  to  t h e  f u r t h e r  developm ent 
o f  a c o u s t i c  a m p l i f i c a t i o n  and a u d i t o r y  t r a i n i n g  sy s tem s  f o r
t h e  h e a r in g  im p a ire d ,  i t  i s  n e c e s s a r y  to  d e te rm in e  t h e  
d i f f e r e n c e s  betw een  t h e  h e a r in g - im p a i r e d  and no rm a l-
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h e a r in g  l i s t e n e r s  in  t h e i r  u t i l i z a t i o n  o f  a v a i l a b l e  




The p u rp o se  o f  t h i s  i n v e s t i g a t i o n  was to  p r e d i c t ,  
from a c o u s t i c a l  m easu rem en ts ,  t h e  p a t t e r n  o f  c o r r e c t  
i d e n t i f i c a t i o n s  and c o n f u s io n s  o f  n o n se n se  s y l l a b l e s  in  
b o th  q u i e t  and n o i s e  c o n d i t i o n s .
A s e t  o f  sp eech  s t i m u l i  was chosen  w hich  would 
a l lo w  f o r  a  d e t a i l e d  a n a l y s i s  o f  p a t t e r n s  o f  c o n so n a n t  
c o n f u s io n s  made by n o rm a l- h e a r in g  s u b j e c t s  u n d e r  d i f f i c u l t  
l i s t e n i n g  c o n d i t i o n s .  A c l o s e d - r e s p o n s e ,  n o n se n se  s y l l a b l e  
t e s t ,  c o n s i s t i n g  o f  11 in t e r c h a n g e a b l e  s u b t e s t s ,  was 
ch o sen  f o r  u s e  in  t h e  s tu d y .  The s u b t e s t s  d i f f e r  w i th  
r e s p e c t  to  v o i c in g  o f  t h e  c o n s o n a n t ,  co n so n a n t  p o s i t i o n ,  
and vowel c o n t e x t .  A sam ple  o f  e d i t e d ,  c a f e t e r i a  n o i s e  
was u s e d  in  c o n d i t i o n s  w hich  r e q u i r e d  background  n o i s e .
I n  t h e  l i s t e n i n g  e x p e r im e n t ,  two c o n d i t i o n s  w ere  
v a r i e d j  l e v e l  o f  t h e  s p e e c h  s i g n a l  and s p e e c h - t o - n o i s e  
r a t i o .  Speech  l e v e l s  ra n g e d  from 20 to  52 dB SPL. These  
sp e e c h  l e v e l s  w ere  u se d  in  b o th  t h e  q u i e t  and n o i s e
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(S /N  = 5 dB) c o n d i t i o n s .  S u b je c t s  f o r  t h e  l i s t e n i n g  
e x p e r im e n t  w ere  s i x  n o r m a l- h e a r in g  a d u l t s  who w ere  f a m i l i a r  
w i t h  t h e  ty p e  o f  s t i m u l i  u se d  in  t h e  e x p e r im e n t .
A s e t  o f  a c o u s t i c  c h a r a c t e r i s t i c s  o f  t h e  sp e e c h  
s t i m u l i  w ere  ch o sen  f o r  a n a l y s i s ,  and c a r e f u l  m easu re ­
ment p ro c e d u re s  w ere u n d e r ta k e n ,  i n c lu d in g  t h e  u s e  o f  
c o m p u te r -g e n e ra te d  sp eech  and n o i s e  s p e c t r a .  The m e a su re ­
m ents  in c lu d e d  e s t i m a t e s  o f  vowel fo rm a n t f re q u e n c y ;  
second  fo rm an t t r a n s i t i o n  o r i g i n  f re q u e n c y ,  m agn itude , 
and d i r e c t i o n ;  c o n so n a n t  s p e c t r a l  p e a k s ;  o v e r a l l  c o n s o n a n t - 
n o i s e  b an d w id th ;  t o t a l  e n e rg y  o f  c o n s o n a n ts  and vo w els ;  
and c o n s o n a n t ,  vow el, and c l o s u r e  d u r a t i o n s .
A second  s e t  o f  m easurem ents  w ere  g e n e r a t e d  w hich  
r e p r e s e n t e d  t h e s e  c h a r a c t e r i s t i c s  a s  th e y  a p p e a r  in  
c o n ju n c t io n  w i th  t h e  background  n o i s e .  O v e r a l l  a v e ra g e  
s p e c t r a  o f  t h e  n o i s e  was u se d  as  t h e  s p e e c h - i n - n o i s e  
m easurem ent d e v i c e .  A second  s e t  o f  m easurem ents  was 
c o l l e c t e d  f o r  vowel peak  f re q u e n c y  in  n o i s e ,  t r a n s i t i o n  
i n f o r m a t io n  in  n o i s e ,  c o n so n a n t  s p e c t r a l  p eak s  in  n o i s e ,  
c r o s s o v e r  f re q u e n c y  ( a n  i n d i r e c t  m easurem ent o f  ban d w id th  
in  n o i s e ) ,  and c o n s o n a n t - t o - n o i s e  and v o w e l - to - n o i s e  r a t i o s .
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The m a jo r  f i n d i n g s  o f  t h e  l i s t e n i n g  e x p e r im e n t  
w ere  as  f o l l o w s .  Improvement in  i n t e l l i g i b i l i t y  f o r  t h e  
11 s e t s  o f  n o n se n se  s y l l a b l e s  w i t h  i n c r e a s i n g  sp eech  
l e v e l  was seen  a s  a  f u n c t i o n  o f  s u b t e s t  t y p e .  D i f f e r ­
e n c e s  i n  a r t i c u l a t i o n - g a i n  f u n c t i o n s  w ere  a l s o  n o te d  f o r  
t h e  two e n v iro n m e n ta l  c o n d i t i o n s  o f  q u i e t  and n o i s e .  
S u b t e s t s  c o n t a i n i n g  s y l l a b l e - i n i t i a l  c o n s o n a n ts  and 
s u b t e s t s  c o n t a i n i n g  c o n s o n a n ts  p a i r e d  w i th  t h e  vowel 
/ f t ' /  had  c o n s i s t e n t l y  h i g h e r  s c o r e s  a t  a l l  s p e e c h  l e v e l s .  
S c o re s  f o r  v o i c e l e s s  s u b t e s t s ,  how ever, w ere  s i g n i f i ­
c a n t l y  lo w er  th a n  f o r  v o ic e d  s u b t e s t s  a t  t h e  lo w e s t  
and h i g h e s t  sp e e c h  l e v e l s  o n ly .
C o n fu s io n  m a t r i c e s  w ere g e n e r a t e d  from t h e  r e s u l t s  
o f  t h e  l i s t e n i n g  e x p e r im e n t .  As t h e  e r r o r  p a t t e r n s  in  
e a c h  m a t r i x  w ere  found t o  be e s s e n t i a l l y  t h e  same as  
a  f u n c t i o n  o f  sp e e c h  l e v e l  ( w i th  t h r e e  m inor e x c e p t i o n s ) ,  
t h e  m a t r i c e s  u s e d  in  su b se q u e n t  a n a ly s e s  w ere  summed 
o v e r  t h a t  f a c t o r .  A n a ly se s  o f  t h e  p e r c e n ta g e s  o f  c o r r e c t  
i d e n t i f i c a t i o n  f o r  ea c h  m a t r ix  r e v e a l e d  a f f r i c a t e s ,  
g l i d e s  and l i q u i d s  to  be  m ost e a s i l y  i d e n t i f i e d  in  b o th  
q u i e t  and n o i s e .  H ie r a rc h y  o f  i n t e l l i g i b i l i t y  f o r  p l o s i v e ,
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f r i c a t i v e ,  and n a s a l  c o n s o n a n ts ,  how ever, d i f f e r e d  a s  a 
f u n c t i o n  o f  b o th  n o i s e  c o n d i t i o n  and c o n so n a n t  v o i c i n g .  
S c o re s  f o r  t h e s e  phonemes in  b o th  n o i s e  c o n d i t i o n s  w ere  
h i g h e r  when th e y  a p p e a re d  i n  t h e  s y l l a b l e - i n i t i a l  p o s i t i o n .  
L e v e l  o f  p e r c e n t  c o r r e c t  i d e n t i f i c a t i o n  f o r  c e r t a i n  
s y l l a b l e s  was a l s o  shown t o  be a f f e c t e d  by t h e  r e s p o n s e  
s e t  i n  w hich  i t  a p p e a r s .
A summary o f  t h e  m a jo r  c o n f u s io n s  r e v e a l e d  t h a t  
t h e  number o f  c o n fu s io n s  was f a i r l y  e v e n ly  d i s t r i b u t e d  
be tw een  s y l l a b l e s  c o n t a i n i n g  v o ic e d  and v o i c e l e s s  c o n s o n a n ts  
and among t h e  t h r e e  vowel c o n t e x t s . A g r e a t e r  number o f  
c o n f u s io n s ,  how ever, w ere  found  f o r  c o n s o n a n ts  in  t h e  
t h e  s y l l a b l e - f i n a l  p o s i t i o n .  A r e l a t i v e l y  l a r g e  number 
o f  c o n f u s io n s  be tw een  c o n so n a n ts  d i f f e r i n g  w i t h  r e s p e c t  
to  m anner o f  a r t i c u l a t i o n  was fo u n d ,  p r i m a r i l y  betw een 
f r i c a t i v e  and p l o s i v e  c o n s o n a n ts .
A n a ly s is  o f  t h e  p a i r s  o f  s y l l a b l e s  w i t h  t h e  h i g h e s t  
p e r c e n ta g e  o f  c o n f u s io n  showed somewhat d i f f e r e n t  r e s u l t s ,  
m ost n o t a b ly  be tw een  q u i e t  and n o i s e  c o n d i t i o n s ,  i n d i c a t i n g  
t h e  p r e s e n c e  o f  complex i n t e r a c t i o n s  betw een e r r o r  p a t t e r n  
and l i s t e n i n g  c o n d i t i o n .
2 2 0
The r e s u l t s  o f  t h e  a c o u s t i c  m easurem ents  made on 
t h e  s p e e c h  s t i m u l i  in  b o th  q u i e t  and n o i s e  w ere  c o r r e l a t e d  
w i th  p e r c e n ta g e  o f  c o r r e c t  i d e n t i f i c a t i o n  u n d e r  t h e s e  
c o n d i t i o n s .  A s e t  o f  a c o u s t i c  v a r i a b l e s  was i s o l a t e d  
w hich  was found  to  a c c o u n t  f o r  t h e  l a r g e s t  p r o p o r t i o n  
o f  t h e  v a r i a n c e  in  p r e d i c t i n g  c o r r e c t  s c o re s  f o r  each  
s u b t e s t ,  i n  e a c h  c o n d i t i o n .  D i f f e r e n c e s  in  a c o u s t i c  
v a r i a b l e s  be tw een  two s y l l a b l e s  w ere  u sed  t o  p r e d i c t  
t h e  p e r c e n ta g e  o f  c o n f u s io n  betw een t h e  two s y l l a b l e s .  
A n o th er  s e t  o f  a c o u s t i c  v a r i a b l e s  was i s o l a t e d  w hich 
a c c o u n te d  f o r  m ost o f  t h e  v a r i a n c e  i n  t h a t  p r e d i c t i o n ,  
f o r  e a c h  s u b t e s t ,  i n  e a c h  c o n d i t i o n .
I n s p e c t i o n  o f  t h e  v a r i a b l e s  in c lu d e d  i n  t h e  
p r e d i c t i o n  e q u a t io n s  r e v e a l e d  th a t ;  f o r  e ach  s u b t e s t ,  
t h e  l a r g e s t  p r o p o r t i o n  o f  t h e  v a r i a n c e  ( i n  q u i e t  and i n  
n o i s e )  was a c c o u n te d  f o r  by d i f f e r e n t  s e t s  o f  v a r i a b l e s .  
However, t h r e e  v a r i a b l e s  s to o d  o u t  ( c o n s o n a n t  en e rg y ,  
c o n so n a n t  s p e c t r a l  p e a k s ,  and c o n s o n a n t - t o - n o i s e  r a t i o )  
a s  b e in g  p a r t i c u l a r l y  im p o r ta n t ,  s i n c e  th e y  w ere  i s o l a t e d  
in  a  m a j o r i t y  o f  t h e  s u b t e s t s .  T h is  f i n d i n g  im p l ie s  
t h a t  t h e  in fo r m a t io n  p ro v id e d  by c e r t a i n  a c o u s t i c  v a r i a b l e s
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may be  n e c e s s a r y  f o r  r e d u c in g  c o n f u s io n s  be tw een  c e r t a i n
s e t s  o f  s y l l a b l e s ,  b u t  a r e  o f  l e s s  v a lu e  in  o t h e r  s e t s .
I n  a d d i t i o n ,  on a v e ra g e ,  a  g r e a t e r  l e v e l  o f  a c c u ra c y
was r e a c h e d  i n  p r e d i c t i n g  p e r c e n t  c o r r e c t  i d e n t i f i c a t i o n s
th a n  i n  p r e d i c t i n g  c o n f u s io n s .  A t r e n d  in  t h e  r e s i d u a l s
i n d i c a t e d  t h a t  t h e  p r e d i c t i o n s  te n d e d  to  u n d e r e s t im a te
th e  s i z e  o f  t h e  l a r g e s t  c o n f u s io n .
The m u tu a l i n t e r a c t i o n s  be tw een  a c o u s t i c  cu es
n eed  t o  be c o n s id e r e d  in  f u t u r e  a n a ly s e s  o f  t h i s  ty p e .
I n  a d d i t i o n ,  t h e  p e r fo rm a n c e  o f  a  c a u s a l  s tu d y  i s  i n d i c a t e d
in  w h ich  a c o u s t i c  cu es  a r e  s y s t e m a t i c a l l y  removed and t h e
p r e d i c t e d  e f f e c t s  on t h e  c o n f u s io n s  a s s e s s e d .  F i n a l l y ,
to  a p p ly  t h e s e  d a t a  to  t h e  f u r t h e r  deve lopm ent o f  a c o u s t i c
a m p l i f i c a t i o n  and a u d i t o r y  t r a i n i n g  system s f o r  t h e
h e a r in g  im p a ire d ,  i t  i s  n e c e s s a r y  to  d e te rm in e  th e  
d i f f e r e n c e s  be tw een  t h e  h e a r in g - im p a i r e d  and norm al-
h e a r in g  l i s t e n e r s  in  t h e i r  u t i l i z a t i o n  o f  a v a i l a b l e





Q u ie t  C o n d i t io n
S u b t e s t  S y l l a b l e  VPF
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Notei A l l  measures are rep o r ted  in  Hz.
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N o ise  C o n d i t io n  
S u b t e s t  S y l l a b l e  VPF S u b t e s t  S y l l a b l e  VPF
OP 814 bd. 1042ax 1237 d CL 1107
ok 814 7 go. 423as 1139 / V I 1074
o i 814 3 4- 423
O-S 814 z 6l 1107
up 293 pu 358
u t 260 t u 326
uk 293 ku 326
u f 260 8 f u 326
u@ 260 6U 326
u s 358 su 326
hu 293
ip 260
i t 2311 P i 358
i k 2409 t i 293
i f 2344 k i 326iG 2409 9 f  i 326
i s 2279 326
s i 358
ab 1139 h i 260
a d 1107
ag 1042 i b 228
d v 1172 i d 195
c 749 ig 228
O-Z 1172 1 r\ i v 260am 1042 1U i r 293an 1009 i z 293
1074 im 293
in 260
p a 1074 293
t o . 1107
k a . 1107 ub 293
f  cl 1074 ud 293
&Q~ 1139 ug 293
s a. 1107 uv 293





Note: A l l  measures are  r e p o r te d  in  Hz.
APPENDIX B
ORIGIN FREQUENCY, MAGNITUDE, AND 
DIRECTION OF SECOND FORMANT TRANSITIONS
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QUIET CONDITION
SYL. ORIG MAG DIR ST SYL. ORIG MAG DIR
QP 846 196 + bo. 1107 65
a t 1302 98 + do. 1562 390 -
a k 1334 195 + 7 go. 1497 325 -
a f 1107 32 - / VO. 1139 65 -
qG 1204 32 + 1270 131 -
a s 1139 65 - Zx 1270 131 -
up 977 0 0 pu 1335 358
u t 977 131 + t u 1530 163 -
uk 879 0 0 ku 1270 163 -
u f 684 65 - 8 fu 977 33 _
uG 1270 489 + 6u 1302 228
u s 1009 195 + su 1367 130 -
hu 911 97 -
i p 2344 97 -
i t 2279 228 - P i 2018 196 +
i k 2572 98 + t i 2148 33 +
i f 2214 227 - k i 2214 130 +
16 2246 227 - 9 f i 2051 228 +
i s 2116 228 - e i 1790 489 +
s i 1660 554 +
a b 1074 33 - h i 2474 163
a d 1595 391 +
* g 1367 97 + ib 2441 131 -
0.V 1042 97 - id 2181 228
0.% 1302 98 + i g 2669 195 +
a z 1367 163 + iv 2409 32 -
am 1042 32 - 10 i* 2311 130 -
a n 1562 162 + i z 2083 228 -
1009 33 - im 2409 65 -
in 2539 65 -
p a 1042 33 - 2702 130 +
t a 1204 32 - j
k u 1009 130 + ub 1432 0 0
f a 977 97 + ud 1497 423 +
Oa 1139 33 - tig . 0 0
Sex 1172 65 - uv • 0 0
ha . 944 130 + 11 uS 1432 325 +
uz 1367 358 +
um 1107 33 +
un 1432 260 +
Ul\ 1107 0 0
N otei ORIG and MAG are rep o rted  in  Hz; +DIR = r i s i n g ,




SYL. ORIG MAG DIR ST SYL. ORIG MAG DIR
OvP 1042 0 0 b a 1107 0 0
a t 1237 33 + da. 1562 390 -
a k 1337 195 + go. 1497 325 -
a  f 1107 32 - 7 v a 1074 0 0
aO 1204 32 + 'So- 1172 98 -
CAS 1139 65 - z o- 1172 98 -
up • 0 0 pu • 0 0
u t 977 131 + t u 1367 0 0
uk 879 0 0 ku 1270 163 -
u f • 0 0 8 f u 977 33 -
u t 1009 228 + 0u 1302 228 -
u s • 0 0 su 1367 0 0
hu 0 0
i-P 2344 97 -
i t 2279 0 0 P i 2018 196 +
ik 2572 98 + t i 2148 33 +
i f 2214 227 - k i 2214 130 +
i£ 2246 196 - 9 f  i 2051 228 +
i s 2116 228 - £ i 2018 261 +
s i 2116 98 +
CAb 1074 33 - h i 2311 0 0
a d 1497 293 +
a g 1367 97 + ib 2571 0 0
<aV 1042 97 - i d • 0 0
c a • 0 0 ig 2669 195 +
a z 1270 66 + i v 2409 32 -
am 1042 32 - 10 i'.V 2311 130 -
a n 1562 162 + i z 2279 32 -
a.] 1009 33 - im 2409 65 -
i n 2539 65 -
p a 1042 33 - i i \ 2702 130 +
t a 1204 32 -
k a 1009 130 + ub 0 0
fa. 1042 65 + ud 0 0
A .L" ' '■ 1139 33 - ug 0 0
so. 1172 65 - uv 0 0




u 0 0 0
N otei ORIG and MAG are  rep o rted  in  Hz; +DIR = r i s i n g ,






SYL. CFl CF2 ST SYL. CFl CF2
a p 3353 • bcV 1107 •
c it 3548 2279 du^ 3255 4036
a k 1465 3776 7 g <0. 1530 3646
3581 6706 / vex 6934 7129
r. L 7878 3743 "(5£X. 6706 7910
Ck S 3971 4427 Z ( t 6836 7454
up 3255 1302 pu 391 1009
u t 3581 6803 t u 6673 5794
uk 1497 3581 ku 1400 ■
u f 7878 7910 8 fu 7910 6738
u£ 3646 6803 0 U 6673 6152
u s 3613 7650 su 6706 6087
hu 1204 3555
ip 3418 6543
i t 3743 5924 P i 1790 3483
ik 1953 2279 t i 6576 3678
i f • 8236 6868 k i 2669 3646
iy 6640 7682 9 f i 7194 6771
i s 3939 7552 <9i 6966 3711
s i 6641 7747
ab 3418 1367 h i 2148 3516
a d 3581 3482
ag 2409 1465 ib 1432 2506
a.v 1335 3516 id 2702 3743
a i 6608 5599 iS 2409 3613
xz 6708 3874 iv 2539 3353
am 1172 4264 10 i'fc 6803 7943
on 2702 1790 i z 4167 6738
■j.) 1074 2734 im 2441 1270
in 1628 4460
P0. 391 2376 if) 2930 1172
to. 3678 4460
ko- 1563 2181 ub 1237 2376
f . i 7843 6706 ud 2539 3353
V ^ 7878 7422 ug 1302 2311
S i 4102 6803 uv 6608 7747




u 0 2376 1009




SYL. CFl CF2 ST SYL. CFl CF2
exp 3353 • b a 1107 •
a t 3548 5762 d a 3255 4036
Ak 5892 3776 7 g a 1530 3646
a f 3581 6706 / v a 6706 7129
7878 6706 "Sa 6836 7910
O.S 3971 4427 ZCL 6836 7454
up 3255 6217 pu 391 1009
u t 3581 6803 t u 6673 5794
uk 1497 3581 ku 1400 •
u f 7878 7910 8 fu 7910 6738
uO 3646 6803 Gu 6673 6152
u s 3613 7650 su 6706 6087
hu 1204 3555
i p 3418 6543
i t 3743 5924 P i 1790 3483
i k 1953 2279 t i 6576 3678
i f 8236 6868 k i 2669 3646
iO 6640 7682 9 f  i 7194 6771
i s 3939 7552 0 i 6966 3711
s i 6641 7747
a b 3418 6510 h i 2148 3516
a d 3581 3482
Cv-g 3646 5664 ib 1432 6673
a v 3516 6836 i d 2702 3743
6608 5599 ig 2409 3613
C K . z 6702 3874 i v 2539 3353
am 1172 4264 10 i l 6803 7943
a n 2702 1790 i z 4167 6738
a  r\ 1074 2734 im 2441 1270
J in 1628 4460
po. 2376 3483 2930 2474
to. 3678 4460 \J
k a 1563 2181 ub 1237 6185
f a 7843 6706 ud 2539 3353
& a 7878 7422 ug 1302 2311
s a 4102 6803 uv 6608 7747




u 9 2376 1074





S y l l a b l e BW S u b t e s t S y l l a b l e BW
a_p 866 bQ_ 933
a t 866 dCL 1733
a_k 1056 7 go. 600
a .f 5267 / V CL 2934
clO 2734 2734
Ols 3934 z o- 4267
up 666 pu 467
u t 1000 t u 2267
uk 1200 ku 666
u f 280b 8 f u 1934
u 6 3067 0u 2600
u s 5067 su 2734
hu 600
i-P 867
i t 3867 Pi- 1133
ik 867 t i 2333
i f 3934 k i 1867
3467 9 f i 2800
i s 4600 0 i 2667
s i 3334
cxb 467 h i 1134
<xd 1000
1533 ib 467
O-V 933 i d 533
O j 3000 ig 1334
Clz 4734 i y 934
Out 734 10 i ^ 3200
a n 1666 i z 4467
0-1} 2000 im 800
i n 534
P0- 800 i n 1067
td- 4400
kO. 1200 ub 400
f  CL 2800 ud 1267
$ a - 2734 ug 600
s d 4667 uv 1800









S u b t e s t  S y l l a b l e  XF
CLP 2867
cut 3000
1 a .k  3 2 0 0




u t  2933
0 uk  1400
2 u f  3067
u0  3200
u s  3000
i p  2733
i t  3200
3 i k  1933
i f  2933
1 0  3467








a .  n  1300
0-0) 667
p a  2000
t  cu 3133
k^- 1400
5 f a .  2800
f a  2867
s cu 3200
h  cu 1733













































































Notes A l l  measures a re  rep o rted  in  Hz.
APPENDIX F
TOTAL ENERGY OF 
CONSONANTS AND VOWELS
237
SYL. CE VE ST SYL. CE VE
<xp 4 .2 8 .0 b a 9 .3 7 .8
ext 0 .4 1 .8 d iA 9 .3 4 .1
a k 0 .8 0 .9 7 g a 12 .0 7 .0
a f 2 1 .1 3 .9 / V(X 9 .3 5 .9
a0 6 .0 4 .4 14.2 4 .9
0. S 2 0 .8 4 .9 zo. 2 0 .8 5 .2
up 5 .0 4 .6 pu 2 0 .3 1 .9
u t 10 .0 4 .4 t u 13 .6 0 .0
uk 3 .0 5 .4 ku 11 .0 1 .6
u f 7 .8 2 .7 8 fu 2 .0 0 .9
U& 8 .3 1 .8 9 u 9 .3 2 .4
US 25.7 4 .7 su 26 .1 2 .3
hu 0 .4 1 .0
i-P 4 .8 5 .6
i t 1 5 .3 1 .8 p t 7 .5 3 .6
i k 1 3 .0 3 .2 t i 1 4 .8 2 .7
i f 1 0 .3 4 .0 k i 1 2 .8 5 .0
i© 9 .8 0 .0 9 f  i 4 .3 3 .3
i s 2 9 .2 1 .4 £ i 9 .1 3 .0
s i 2 9 .2 3 .9
a b 13 .4 6 .9 h i 0 .0 3 .1
a d 13 .4 5 .3
a g 14 .8 6 .5 ib 15 .0 5 .2
a v 17.7 6 .2 id 15 .0 3 .5
oA 14 .4 6 .3 5-g 19.1 8 .2
Cl z 21 .6 6 .6 i v 19 .6 4 .4
am 19 .3 4 .3 10 it f 2 0 .2 9 .5
a n 2 3 .4 6 .7 i z 2 2 .6 3 .7
2 2 .4 7 .7 im 2 5 .0 7 .6
in 2 3 .6 4 .3
P6, 1 0 .5 4 .7 iC) 2 5 .5 9 .1to , 1 8 .2 4 .4
k x 11 .9 3 .8 ub 19 .8 6 .1
fCc 3 .5 5 .6 ud 16 .8 5 .3
Ga 11 .2 5 .1 ug 17 .3 7 .5
so. 3 0 .5 6 .3 uv 25 .2 5 .1
h<x 1 3 .6 7 .0 11 uii 15.1 4 .8uz 2 5 .4 4 .3
um 25 .5 5 .0
un 26 .4 6 .5
u n 27 .0 6 .8
N ote : M easu res  f o r  CE a r e  r e p o r t e d  in  dB r e :  / h i / ;  





S y l . C/N V/N ST S y l . C/N V/N
CLP - 1 8 .8 1 0 .1 ba_ - 1 5 .4 7 .1
CLt - 2 0 .6 4 .3 d£L -1 2 .2 2 .3ax - 2 1 .8 4 .2 7 g o . - 9 .5 6 .8as - 2 .4 1 5 .2 / v a _ - 1 3 .8 5 . 8
<L& - 1 7 .8 5 .4 - 9 .1 3 .1
cXs - 3 .2 5 .9 Z CL. - 1 .5 2 .5
up -1 7 .7 4 .3 pu 0 .2 1 . 8
u t - 1 6 .4 3 .0 t u - 4 .5 0 .1
uk - 2 1 .2 5 .9 ku - 6 .5 2 .0
u f - 1 4 .0 7 .8 8 fu -1 9 .0 0 .6
u  e - 1 3 .0 6 .5 £ u - 1 2 .8 1 .0
u s 2 .1 5 .2 su 5 .4 0 .5
hu -1 7 .7 - 2 . 0
i-P - 1 9 .2 7 .5
i t - 8 .4 3 .9 P i - 9 .8 4 .5
i k - 9 .0 2 .1 t i - 1 .3 2 .3
i f - 1 2 .8 5 .8 k i - 4 .7 4 . 8
i £ - 1 2 .8 0 .5 9 f i -1 3 .0 0 . 4
i s 4 .2 4 .6 b 'l -1 2 .4 1 .6
s i 9 .9 4 .1
O-b - 9 .6 1 2 .6 h i -1 1 .2 5 .6
a d - 8 .0 6 .5
a g - 1 0 .2 6 .5 ib - 5 .7 6 .3
a v - 6 .3 7 .4 i d - 6 .1 4 .3
a j - 6 .5 7 .6 ig - 5 .7 6 .1
<Xz - 2 .1 5 .4 iv - 3 .7 4 . 8
a m - 3 .6 5 .9 10 - 4 .8 9 . 4
ax - 0 .8 6 .5 i z - 0 .8 3 .4a r ) - 5 .0 5 .6 im 0 .9 6 .7
in - 3 .0 3 .2
p CL - 2 .0 4 .2 i D 1 .4 7 .9
tCL - 4 .5 4 .2
k0~~ -1 2 .5 2 .0 ub 1 .0 8 .0
fCLs -1 9 .1 3 .2 ud - 6 .3 8 .0
9  CL - 1 2 .8 3 .4 ug - 6 .2 8 .3
s 5 .8 2 .4 uv - 1 .2 7 .5
h c u - 8 .7 6 .6 11 - 7 .2 6 .3
uz 2 .0 5 .2
um 2 .0 7 .0
un 5 .6 3 .7
uP) 2 .0 8 .1




S y l . CD VD CLD ST S y l . CD VD CLD
OP 78 146 115 bO. 13 307
(XX 38 153 141 da_ 20 372a.k 89 163 129 7 g a 29 350a i 218 180 • / va_ 166 3330.6 243 192 • 2 a 166 311
Os 256 211 • z a 207 319
up 102 133 145 pu 64 269
ut 64 166 139 tu 95 248
uk 73 142 137 ku 93 259
uf 230 179 ' • 8 fu 119 247
u0 230 192 • 195 269
us 294 166 • su 170 247
ip 64 161 137 hu 80 234
it 77 179 129 P i 67 234ik 89 141 131 ti 70 307
if 269 180 • ki 113 290
i© 269 180 • 9 fi 93 208
is 333 179 • ©i 157 247
a b 26 230 139 si 123 303
a d 58 230 116 h i 55 285
o-& 42 256 106 ib 52 285 106
cLv 218 256 id 70 316 96a-X 179 294 ig 71 307 76CLZ 235 284 iv 179 287
am 197 230 10 i? 205 265a n 200 224 iz 218 339
a D 320 192 im 237 301
P a 89 349 in 210 300
t a ­ 99 330 L0 291 237k a 129 323 Vub 62 268 95
fa 209 346 ud 64 320 109





Note» A l l  m easu res  a r e  r e p o r t e d  i n  msec? Dot ( . )  = 
n o t  m e a s u re a b le .
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